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Abstract The mechanistic cause of the promoting effect
of CeO, on the activity of SnO,/Al,Oj; catalyst for the SCR
of NO, by propene was investigated using X-ray photo-
electron spectra (XPS) and in situ Fourier transform infrared
(FT-IR) spectroscopy. FT-IR measurements have revealed
that the role of CeO, on the CeO,—Sn0O,/Al,O5 catalyst is to
contribute to the formation of formate, acetate and nitrate
species, and to promote the reaction between nitrates and
hydrocarbon-derived species to form isocyanate (-NCO),
which is a reaction intermediate for NO, reduction.

Keywords CeO, - Selective catalytic reduction -
NO, - Ce0,-Sn0,/Al,0;3 catalyst - XPS - In situ FT-IR

1 Introduction

The selective catalytic reduction of NO, by hydrocarbons
(HC-SCR) under oxygen-rich atmospheres is a potential
method toremove NO, from lean-burn and diesel exhaust [ 1—
12]. Sn0O,/Al,05 catalyst is a promising candidate for a NO,
reduction catalyst due to its high stability and activity even in
the presence of water and SO, [13, 14]. However, the
effective temperature is relatively high compared with the
temperature of diesel exhaust. Hence, the enhancement of the
low-temperature activity of the SnO,/Al,O; catalyst is desirable.

Our recent research has shown that the addition of 0.5%
CeO,; to a 5% SnO,/Al,O5 catalyst significantly improved
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its NO, reduction activity, especially at low temperatures
[15]. However, the mechanistic cause of the promoting
effect of CeO, is still unclear. We have investigated the
HC-SCR mechanism over SnO,/Al,O5 catalyst using in
situ FT-IR spectroscopy and proposed that hydrocarbon-
derived species (formate and acetate) and nitrate species
are crucial ad-species in the HC-SCR [16]. It is expected
that the addition of CeO, will affect the formation and
consumption rate of these surface species, and hence the
HC-SCR activity of SnO,/Al,0O5 catalyst. In this study, we
have made in situ FT-IR spectroscopy observations of
surface species formed on 0.5% CeO,—5% SnO,/Al,O3 and
5% SnO,/Al,03 catalysts to investigate the mechanistic
effect of CeO, addition during the SCR of NO,.

2 Experimental

Sn0O,/Al,03 and CeO,—-SnO,/Al,O5 catalysts were pre-
pared by a single step sol-gel method. Aluminium
boehmite sol was first prepared by hydrolysis of alumin-
ium(IIl) iso-propoxide (AIP) in hot water (85 °C) with a
proper amount of nitric acid, and then mixed with a solu-
tion of SnCly (or SnCly and Ce(NOs)3). After one day of
stirring, the solvents were eliminated by heating under
reduced pressure to form a gel. The obtained gel was dried
at 120 °C for 24 h, followed by calcination at 600 °C for
4 h in air. The loadings of Sn and Ce were fixed at 5% and
0.5%, respectively.

XPS measurements were conducted on a surface system
(LHS-10, SPECS GmbH) equipped with a multi-plate
channel detector using Mg Ko radiation. Binding energy
was referenced to C Is at 284.5 eV.

In situ FT-IR spectra were acquired using an in situ cell
installed in a Nicolet Magna 560 FT-IR spectrometer with
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a MCT detector. Prior to each experiment, the catalyst was
pressed into a self-supported disc and pretreated in 3% O,/
He at 400 °C for 1 h, followed by cooling to the desired
temperature before taking a reference spectrum. A gas
mixture was then fed into the cell at a flow rate of
25 cm® min~'. The concentrations of NO, C3;Hg and O, in
the gas mixture were 2,000 ppm, 2,700 ppm and 3%,
respectively. All spectra reported here were taken at a
resolution of 4 cm™ for 100 scans.

3 Results and Discussion
3.1 X-ray Photoelectron Spectra

The XPS results of Sn 3ds,, spectra for SnO,/Al,O3 and
Ce0O,-Sn0,/Al,O5 catalysts are shown in Fig. 1. The
binding energy of Sn 3ds, over SnO,/Al,O5; and CeO,—
Sn0O,/Al,05 catalysts are 487.2 and 486.9 eV respectively,
both of which are ascribed to Sn(IV) [17]. Previous
research has shown that Sn** is active for the reduction of
NO, [18]. For Sn0,/Al,03, the surface concentration of Sn
is 2.4%, whereas the concentration decreases to 1.3% over
Ce0,-Sn0,/Al,0O5 catalyst. Recently Serrano-Ruiz et al.
[17] has reported that there is strong interaction between Sn
and Ce, stabilizing the oxidation state of Sn. The cerium
ions could migrate onto SnO, particles, which accounts for
the lower surface concentration of Sn over CeO,—SnO,/
Al,O5 catalyst. The presence of Ce thus improves the poor
ability to activate hydrocarbon of SnO, [18] and it can also
contribute to the NO oxidation to NO, [19], both of which
are important process for the NO, reduction [3]. The pro-
moting effect of CeO, has also been observed on Pt/Al,O3
catalyst and it is attributed to the existence of bimetallic
(Pt—Ce) interaction [20]. For CeO,—SnO,/Al,O5 catalyst,
the strong interaction between SnO, and CeO, is also
associated with the improved activity.

3.2 Influence of CeO, on the Formation of Adsorbed
Species

The selective catalytic reduction of NO, with hydrocarbons
is known to proceed through the formation and subsequent
reactions of several surface species [21-27]. Formation of
oxygenated hydrocarbon species over SnO,/Al,O; and
Ce0,-Sn0,/Al,05 catalysts was examined by in situ IR
experiment and the results are shown in Fig. 2. The peaks
at 1446, 1474, 1646 and 1670 cm™' can be observed at
100 °C. Over both catalysts, the peaks at 1446 and
1670 cm™! can be assigned to v (COO) of acrylate [28] and
acrolein [29], respectively. The characteristic peak at 1474
and 1646 cm™! can be assigned to d,, (CH3) of propionate
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Fig. 1 XPS Sn 3ds,, spectra of SnO,/AlL,O3 (A) and CeO,—SnO,/
Al,O5 (B) catalysts

and vg (C=C) of acrylate [30]. With increasing reaction
temperature, the intensities of acrolein and acrylate
decreased, while those bands at 1376, 1392, 1590 and
1462 cm™' increased. The bands at 1376, 1392 and
1590 cm™' can be assigned to the v, (COO7), 5(CH) and v,
(COQO") of adsorbed formate species, respectively [28, 31—
33]. The band at 1462 cm™! is attributed to the vs (COO7)
of adsorbed acetate species [31, 34]. This indicates that the
formation of hydrocarbon oxygenates occurs at relatively
high temperatures. The adsorption bands around 2900-—
3000 cm™" are due to the C-H stretching vibration mode of
the adsorbed formate species [34]. It is evident that the
intensities of formate and acetate peaks over CeO,—SnO,/
Al,Oj3 catalyst are stronger than those over SnO,/Al,0O5 at
the same temperatures. This result suggests that the for-
mation of formate and acetate species derived from the
partial oxidation of propene is significantly promoted by
the addition of CeO, to SnO,/Al,O5 catalyst.
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Fig. 2 IR spectra of adsorbed oxygenated hydrocarbon species over
Sn0,/AL,0;5 (A) and CeO,-Sn0,/Al,O3 (B) at (a) 100 °C, (b) 200 °C,
(c) 250 °C, (d) 300 °C. Conditions: C3Hg = 2700 ppm, O, = 3%

Figure 3 shows the IR spectra of adsorbed nitrate spe-
cies over SnO,/Al,03 and CeO,—Sn0,/Al,05 catalysts at
different temperatures in the flowing of NO + O,. The
bands at 1241 and 1552 cm™ can be assigned to the v,
(ONO) and v (N=0O) of adsorbed monodentate nitrate
species [28, 35-37], and the bands at 1303, 1589 and
1621 cm™ to the Vas (ONO) and v (N=0O) of adsorbed
bidentate nitrate species and bridging nitrate species,
respectively [35-37]. One important phenomenon is that
the band intensities of nitrate species increases over CeO,—
SnO, /Al,O3 catalyst compared with those over SnO,/
Al,Os, which indicates that the presence of CeO, con-
tributes to the formation of nitrate species.

3.3 Influence of CeO, on the Consumption of
Adsorbed Species

The reactivity of adsorbed NOj species towards hydro-
carbon-derived species over SnO,/Al,O3; and CeO,—SnO,/
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Fig. 3 IR spectra of adsorbed nitrate species over SnO,/Al,O3 (A)
and CeO,—Sn0,/Al,03 (B) at (a) 100 °C, (b) 200 °C, (c) 250 °C, (d)
300 °C. Conditions: NO = 2000 ppm, O, = 3%

Al,O5 catalysts was evaluated by time-dependent changes
of the IR spectra. The catalysts were first exposed to a flow
of NO + O, for 60 min at 400 °C, and the flowing gas was
subsequently switched to He for 30 min to remove gas
phase NO, and any weakly adsorbed NO, species. The gas
was then switched to C3Hg + O, for 30 min and the IR
spectra were recorded (see Fig. 4). Over SnO,/Al,0O3 cat-
alyst, the band characteristic of the monodentate nitrate
(1249 cm™) almost completely disappeared while that of
bidentate nitrate (1303 cm™") remains almost unchanged,
indicating that monodentate nitrate is reactive species and
bidentate nitrate is spectator species. In contrast, after
exposing the CeO,—-Sn0,/Al,0j5 catalyst to C3Hg + O, for
30 min, besides the almost completely disappearing of the
monodentate nitrate, the intensity of bidentate nitrate peak
also significantly decreased. This fact indicates that over
the CeO,—Sn0O,/Al,O3 catalyst, both monodentate and
bidentate nitrates are reactive species. Thus, the presence
of CeO; not only contributes to the formation of nitrates,
but also makes bidentate nitrate become active for the NO,
reduction.
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Fig. 4 IR spectra of adsorbed species over SnO,/Al,O3 (a, b) and
Ce0,-Sn0,/Al,03 @", b*) at 400 °C taken after (a, a") pre-exposing
in a flow of NO + O, for 60 min at 400 °C, followed by He purge for
30 min and then change the gas to (b, b") C3Hg + O, for 30 min

The reactivity of adsorbed hydrocarbon oxygenates
towards nitrate species over SnO,/Al,O5; and CeO,—SnO,/
Al,O5 catalysts was also evaluated by time-dependent
changes of the IR spectra. The catalysts were first exposed
to a flow of C3Hg + O, for 60 min at 400 °C, subsequently
the flowing gas was switched to He for 30 min. The cata-
lysts were then exposed to a flow of NO + O, for 30 min
and the IR spectra were recorded (see Fig. 5). Over the two
catalysts, both the formate (1376, 1392 and 1590 cm_l) and
acetate (1462 cm™') bands decreased on exposure to
NO + O, for 30 min, while the band intensities due to
monodentate nitrate (1249 cm™! and 1550 cmfl) and
bidentate nitrate (1303 cmfl) increased. It should be noted
that over the CeO,-Sn0O,/Al,05 catalyst, the acetate band
almost disappeared after exposing to NO + O, for 30 min,
indicating that the presence of CeO, promotes the reaction
rate between the acetate and nitrate species, which is an
important step in the HC-SCR over SnO,/Al,05 catalyst
[16]. It also indicates that over the CeO,—SnO,/Al,O3
catalyst, acetate is more reactive than formate.

Since it has been reported that —-NCO species is a
reaction intermediate for NO reduction with hydrocarbons
[28, 33, 35], Figure 6 shows the dynamic changes of the
adsorption peak area of —-NCO species (2225-2260 cm™)
over Sn0O,/Al,03; and CeO,-Sn0O,/Al,O3 catalysts as a
function of time in a flow of NO + O, at 400 °C. Over both
catalysts, the absorption peak area of —NCO rapidly
increases and then gradually decreases with time on stream
after the gas change. This suggests that the -NCO species
is formed by the reaction of NO3 and hydrocarbon-derived
species. It is evident that the peak area is larger and the rate
of formation higher for CeO,—-Sn0O,/Al,03 than for SnO,/
Al, O3, corresponding to their NO, reduction activities [15].
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Fig. 5 IR spectra of adsorbed species over SnO,/Al,0O3 (a, b) and
Ce0,-Sn0,/Al,03 (@, b") at 400 °C taken after (a, a*) pre-exposing
in a flow of C3Hg + O, for 60 min at 400 °C, followed by He purge
for 30 min and then change the gas to (b, b") NO + O, for 30 min

Based on the FT-IR studies, we have proposed a sim-
plified reaction scheme for the NO, reduction with propene
over SnO,/Al,O5 catalyst [16]. Therein, the reaction starts
with the formation of both adsorbed nitrates via NO oxi-
dation by O, and formate and acetate species via the
partial oxidation of propene. The reaction between the two
kinds of adsorbed species then leads to the formation of
nitrogen-containing organic species, such as -NCO spe-
cies, which then react with NO, to form N,. Our present
study shows that the presence of CeO, over CeO,—SnO,/
Al,O5 catalyst not only contributes to the formation of
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Fig. 6 Dynamic changes of the integrated area of -NCO species
(2225—226Ocm’1) over Sn0,/Al,O; (l) and CeO,-Sn0O,/Al,O5 (o) as
a function of time in a flow of NO + O, at 400 °C. Before the
measurement, the two catalysts were pre-exposed in a flow of
C3Hg + O, for 60 min at 400 °C, followed by He purge for 30 min
and then change the gas to NO + O,, respectively
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oxygenated hydrocarbon species (formate and acetate) and
nitrate species, which are important intermediates for NO,
reduction, but also improves the reactivity of the nitrate
species. As a result, more -NCO intermediates are formed
and the following steps leading to N, formation become
faster over CeO,—Sn0,/Al,O5 catalyst.

4 Conclusions

The promoting effect of CeO, on the activity of SnO,/
Al,Oj5 catalyst during the SCR of NO, has been discussed
on the basis of XPS analysis and FT-IR measurements of
surface species formation and consumption over SnO,/
Al,O3 and CeO,—Sn0,/Al,05 catalysts. It is proposed that
there is strong interaction between CeO,—SnO,, which
keeps Sn active. The role of CeO, is to contribute to the
formation of hydrocarbon-derived species (formate and
acetate) and nitrate species, which results in a higher sur-
face concentration of —NCO species, and increased
efficiency of NO, reduction over the CeO,—Sn0,/Al,03
catalyst.
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