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Abstract MnO,-Y,O; binary metal oxide catalysts are
synthesized by a constant-pH co-precipitation method,
their ability of NO, storage capacity and absorbing process
were investigated. The pure MnO, and Y,0; calcined at
500 °C for 4 h in static air are both of body-centre struc-
ture, while the binary metal oxides containing Mn and Y
are mainly of amorphous phase. The adulteration of Y,0O3
can remarkably improve the specific surface areas of the
catalysts, which probably result of the enhancement on NO
storage capacity and catalytic oxidation ability of NO at
100 °C. The XPS results indicate that both Mn and Y have
3+ chemical states in the binary oxides. FT-IR spectra
could be beneficial to explain the NO storage process on
the binary metal oxide: NO can be adsorbed on the MnO,
and Y,Oj; sites as nitrates and nitrites, respectively, and
then the nitrites on Y,0Oj site are shifted to Mn,Oj site and
then is oxidized to nitrates. As a result, the NO storage
capacity is enhanced due to the adulteration of Y,Os,
finally the NO, are adsorbed on the Mn,O; site as nitrate
species.
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1 Introduction

The lean-burn engine has attracted more and more attention
due to its high fuel economy and low CO, emission inven-
tory. Three-way catalyst (TWC) is widely applied in
gasoline engine operated on stoichiometric conditions;
however, it could not effectively remove NO, in lean-burn
conditions [1]. The NO, storage reduction (NSR) method,
brought forward by TOYOTA Company, is a promising way
to eliminate NO, in lean-burn exhaust gas [2—6]. The NSR
systems demands a sequence of lean and rich operating
periods, which storage NO, in lean condition and then
reduce to N; in rich condition. Up to now, most of investi-
gations regarding the NSR catalyst were focused on Pt-BaO-
Al,O5 catalysts [7-14], in which Pt could oxidize NO to
NO, in lean-burn condition and reduce NO, to NO in rich-
burn condition, and BaO could work as a storage material.

Although Pt-BaO-Al,0O; is a potentially commercial
NSR catalyst for lean NO, reduction, it has not been widely
used in diesel vehicles due to the narrow temperature
window. For example, Pt-BaO-Al,O3 only show good NSC
performance above 300 °C, while the exhaust gas tem-
perature of a light-duty diesel vehicle driving under the
Federal test procedure (FTP) is typically less than 200 °C,
and the operation temperature window of the conventional
NSR ranges from 200 to 500 °C [15]. Therefore, many
researchers are continually to develop high NSC materials
even at low temperature for real application.

Regarding the NO, storage reduction at low temperature,
MnO, has been attracted much attention in past decade [16—
18]. It is reported that MnO,-CeO, mixed oxides showed a
good NSC at 100-150 °C. When Pd was loaded on this
catalyst, NO, was reduced to N, at low temperature in the
presence of H,. In this work, Y,03; doped MnO, binary
metal oxide catalysts with various ratio of Mn/Y were
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prepared by co-precipitation method and they showed better
NSC at a low temperature. Furthermore, the adsorbing
process was investigated through in situ DRIFTS analysis.

2 Experimental
2.1 Materials Preparation

The binary metal oxide MnO,-Y,05; samples were pre-
pared with a constant-pH co-precipitation method where
the ratio of Y/Mn was 1/10, 3/10 and 5/10, respectively.
These samples were denoted as Mnl0Y1, Mnl0Y3 and
Mnl10Y5. For comparison, pure MnO, and Y,05; oxides
were prepared similarly, and denoted as Mnl0YO and
MnOY10. In brief, a binary salt solution (200 mL) was
simultaneously added drop-wise into 200 mL. NH;HCO;
solution within 30 min at constant pH (9-10) under vig-
orous mechanical stirring. The binary salt solution
contained Mn(CH3COO), and Y(NOj3); with the designed
molar ratio. The [OH™] of NH4HCO; solution was
designed to keep 2.5 times of [Mn™/*"]. The precipitates
were first aged in suspension at room temperature for 4 h
while stirring in the static air, and then filtered and thor-
oughly washed with doubly distilled water. The cake was
dried at 90 °C overnight, and then calcined at 500 °C for
4 h to derive Mn-Y-O binary oxide catalysts. The oxide
catalysts were then crushed and sized to 40-60 mesh for
sorption experiments and kept in a desiccator to avoid
water vapor.

2.2 Materials Characterization

BET surface area measurements were performed by using
N, adsorption, and the samples were evacuated at 200 °C
under vacuum for 4 h. The specific surface area was
determined from the linear part of the BET equation.

The X-ray diffraction (XRD) pattern of Mn-Y-O sam-
ples was recorded with an Automated D/Max B
diffractometer. Cu Ko radiation was utilized in X-ray tube
operated at 40 kV and 120 mA.

The X-ray Photoelectron Spectroscopy (XPS) measure-
ments were performed on a PHI-5300/ESCA instrument,
using Al/Mg primary radiation (3.0 kV, 25 mA).

In situ DRIFTS spectra were recorded on a NEXUS
670-FTIR. The samples were finely ground and placed in a
ceramic crucible. The feed gas streamed into the cell at a
total flow rate of 100 mL/min~'. The temperature in the
cell could be programmed from 20 to 800 °C. Prior to
analysis, the samples were heated firstly in N, and O, for
60 min. The background spectra were collected after
dwelling for 30 min at a desired temperature. The sample
spectra reported here were collected after dwelling for

30 min. In all cases, 100 scans were recorded at a resolu-

tion of 4 cm™ .

2.3 No, Adsorption/Desorption

NO, Storage Capability (NSC) measurements are carried
out in a U-type quartz reactor with an inner diameter of
5 mm under normal atmospheric pressure. A 0.5 g sample
was employed in this test. After pretreatment by flowing
pure N, (400 mL/min) at 500 °C for 30 min, the samples
were cooled to 100 °C in N, for adsorption. Then a gas
mixture (600 ppm of NO and 8% O,/N,) was passed
through the sample at a space velocity of 48,000 h™' for
30 min. An on-line NO, analyzer (Cheminulene 42HC)
was used to measure the NO-NO, concentration.

Temperature-programmed desorption (TPD) experi-
ments are carried out in a U-size of fixed-bed reactor with
an inner diameter of 5 mm. The temperature is controlled
by a programmable temperature controller (CKW-1100).
For NO, adsorption, a 0.5 g sample was first treated with
nitrogen at 500 °C for 30 min. After being cooled down to
100 °C, the sample was exposed to the flow of 600 ppm
NO and 8% O,/N, for 30 min. Then NO and O, were cut
off, pure nitrogen was passed through the reactor, and
nitrogen oxides desorption was performed by ramping the
temperature from 100 to 600 °C at 10 °C/min. The total
flow rate was 400 mL/min.

3 Results and Discussion
3.1 Effect of Y/Mn Ratios of Binary Metal Oxides

Figure 1 shows the XRD patterns of the binary metal oxide
samples with different ratios of Mn. The compound

Mn0Y 10

Mnl0YO

Mnl0YS

Mnl0Y3
Mnl0Y1

20 30 40 50 60 70 80
2 Theta/®

Fig. 1 XRD patterns of various samples prepared by co-precipitation
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Mn10YO shows the typical diffraction peaks at 23, 33, 38
and 56°, attributed to the body-centre Mn,O5 structure; the
compound MnOY 10 shows the typical diffraction peaks at
28, 34, 48 and 57°, attributed to the body-centre Y,O3
structure; the compounds Mn10Y 1, Mn10Y3 and Mn10Y5
show weak diffraction peaks due to the amorphous
structure.

The XRD spectra show that inducing Y,0O5 to MnO, can
weaken the crystal intensity of the samples. In addition, the
spectrum of the components of Mn10Y1 contains several
peaks at 31.6 and 37which are not found in Mn10YO and
MnOY 10. This indicates that inducing Y,03 to MnO,, could
also change the crystal structure of the samples. Consid-
ering on the differences in radius between Mn** and Y>*,
there would be the lacuna, or the collapse on the crystal
structure, of the samples.

The specific surface areas of Mn-Y-O catalysts are
summarized in Table 1. It can be seen that both Mn10Y0
and MnOY10 samples have very small BET areas, while
Mnl10Y1, Mn10Y3 and Mn10Y5 samples have much large
BET areas. Combined with the XRD spectra, it can be
found that inducing Y,0O3 to MnO, can not only change the
crystal structures of the samples, but also influence the
BET areas. The catalysts with higher crystal intensity have
smaller BET areas. The binary metal oxides with amor-
phous structure possess large BET areas, which is helpful
to improve the absorption ability of the catalysts.

The XPS of Mnl0OY1 and Mnl0Y3 are shown in
Fig. 2. The elements Mn (Mn3ps,, Mn3s, Mn2p,,), Y
(Y3ds;) and O (Ols) are analyzed in the range between
0 and 1,000 eV of electron combining energy. Compared
with these two samples, the location of each peak has
little offset, but the intensity of each peak has a large
variance, which is mainly due to the difference in the
ratio of Y/Mn.

The peak locations of elements Mn and Y are shown
in Table 2. It indicates that each sample containing Mn
and Y has the same peak location as Mn>" and Y°". In
the spectra each peak is symmetrical without distinct
division, which indicates that Mn and Y in the catalysts
have only one chemic state, without metal or other states
of Mn or Y.

Table 1 The BET surfaces of

various samples Samples BET areas (m2/g)
Mnl10YO 42.98
Mnl0Y1 153.4
Mnl0Y3 151.9
Mnl0Y5 137.7
Mn0Y10 23.89
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Fig. 2 XPS spectra of Mn10Y1 and Mn10Y3 samples

Table 2 The XPS adsorbing peak locations of the samples

Peak Location (eV)

Samples Mn2ps» Mn2p,,, Y3ds),

Standard location
Mnl0Y1
Mnl10Y3

641.7 (Mn,05)
641.8
641.7

653.7 (Mn,03)
653.8
653.4

156.9 (Y,05)
158.0
158.0

3.2 NO Adsorption/Desorption on Binary Metal
Oxides

The adsorption profiles of NO on these binary metal oxide
catalysts at 100 °C in the presence of O, are presented in
Fig. 3. NO is completely trapped in the initial period (180—
720 s) for all catalysts at 100 °C. NO is continuously
trapped in the next 600-900 s since NO concentration is
gradually recovered to 520-580 ppm. The adulteration of
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Fig. 3 NSC profiles of different catalysts at 100 °C in O,. (Reaction conditions: 600 ppm NO, 8% O,/N,, GHSV = 48,000 h™", pretreated at

500 °C for 30 min in N»)

Y,0; could delays the recovery of NO concentration,
which increases the storage of NO. The NO, storage
capacities (NSC) of each catalyst are showed in Table 3. It
indicates that Mn10Y0 and MnOY10 show low storage
ability of NO, while Mn10Y 1, Mn10Y3 and Mn10Y5 show
high NO storage ability. In the Mn0Y 10 sample, NO, in the
downstream is found at a very low concentration, less than
40 ppm, demonstrating very limited conversion of NO to
NO, at 100 °C in O,. In the Mn10YO sample, NO, in the
downstream is found at a higher concentration, less than

Table 3 Break time and NO, storage capacity of the samples under
different adsorption conditions at 300 °C

Samples Break time (min) NO, storage capacity (umol/g)
Mn10YO 107.1
Mnl0Y1 7 358.1
Mnl10Y3 12 333.8
Mnl10Y5 302.6
MnOY10 117.2
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Fig. 4 NO-TPD profiles of different catalysts prior to co-adsorbing NO and O, at 100 °C. (Reaction conditions: 600 ppm NO, 8% O,/N,,

GHSV = 30,000 h™', pretreated at 500 °C for 30 min in N»)

200 ppm, and demonstrating higher catalytic oxidation
ability. In Mn10Y1, Mn10Y3 and Mnl10Y5 samples, NO,
is found at much higher concentration, more than 60% of
the NO, concentration, demonstrating much higher cata-
lytic oxidation ability. Comparing these samples, it can be
concluded that the adulteration of Y,O; can not only

@ Springer

improve the NO, storage capacity, but also enhance the
catalytic oxidation ability of the samples.

Figure 4 shows the results of desorption of NO, on
binary metal oxides, on which NO was previously adsorbed
at 100 °C for 30 min, and then was heated from 100 to
600 °C. Each catalyst has one major desorption peak, the
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Fig. 5 FTIR spectra of NO and O, co-adsorption on various catalysts (Feed gas composition: 600 ppm NO, 8% O,, N, as the balance gas,

pretreated at 500 °C for 30 min in Ny)

area of which is equivalent to its NSC data. The peak
temperature of Mn0Y 10 is at 540 °C, the highest of all,
while the peak temperature of Mnl0Y1, Mnl0Y3 and
Mn10YS5 are in the temperature range of 200 and 250 °C,

and the peak temperature of Mnl0YO is at 310 °C. It
indicates that the adulteration of Y,03 promoted the NO
oxidization to NO, at low temperature_ which then results
in the increase of NO, storage. However, the stability of the
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nitrates formed on the surface of the catalysts decreased,
which is beneficial to NO, release and reduction in rich
condition. The component of the desorption gas correspond
to the downstream gas of NO, storage.

Combined with the XRD and BET data, the pure MnO,
and Y,Oj3 both have little NO, storage capacity and limited
NO catalytic oxidation ability, but the adulteration of Y,03
to MnO, could weaken the crystal intensity of the samples
and enlarge the BET areas of the samples. Because the
sample with larger BET areas contains more NO adsorbing
active sites, it is helpful to NO, storage and NO catalytic
oxidation.

3.3 NO Adsorption Mechanism on Binary Metal
Oxides

The FTIR spectra of MnO,-Y,03 samples exposed to
600 ppm NO in N, and O, mixture at 100 °C for 30 min are
shown in Fig. 5. On the surface of Mn0OY 10 catalyst, the
adsorbing species are mainly nitrites (1,127 and 1,205 cm™ ")
[19, 20], indicating a weak NO catalytic oxidation ability,
which are corresponding to the results of NSC and NO-TPD.
On the surface of Mn10YO, the spectra contain several major
peaks between 1,000 and 1,630 cm™ ! which can be assigned
to cis-(N,0,)>~ (1,010 cm™"), NO5;~ (1,258 and 1,558
cm_l) and NO, (1,622 cm_l) species [21, 22]. In these
spectra they do not show the transformation from nitrites to
nitrates, and the species at 1,558 cm ™! is the main adsorbing
species. On the surface from Mnl0Y1, Mnl0Y3 and
Mnl10YS, the adsorbing species are mainly the same as
Mnl10YO, but different from MnOY 10. However, there are
two main differences between these samples and Mn10YO.
One is a transformation from nitrites (1,202 cm™ 1) to nitrates
(1,260 cm_l), the other is that the main adsorbing species
turns to be the NO;™ species at 1,260 cm ™. The nitrites on
the species in the first 5 min are at the same location as
MnOY 10, while they are not observed on Mn10Y0. At the
end of the NO storage, the species on Mn10Y 1, Mn10Y3 and
Mnl10YS5 are at the same location as Mn10YO, but not
MnOY 10. These indicates that at the beginning of NO stor-
age, NO is adsorbed on MnO, and Y,0O; in the form of
nitrates and nitrites, respectively. Then the nitrites on Y03 is
shifted to the surface of MnO, and oxidized to nitrates. The
presence of Y,03 could not only enlarge the BET surface
areas of samples, but also served to adsorb NO as nitrites so
as to improve the NO, storage ability.
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4 Conclusions

Y,05; doped MnO, binary metal oxides show high NO,
storage capacities and catalytic oxidation ability of NO to
NO, at low temperature due to their amorphous configu-
ration and high specific surface areas. The XPS results
indicate that both Mn and Y have 34 chemical states in the
binary oxides. Based on the DRIFTS results, NO is
adsorbed on the MnO, and Y,0O; sites as nitrates and
nitrites, respectively, and then the nitrites on Y,O3 site are
shifted to Mn,O5 site and oxidized to nitrates.
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