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a b s t r a c t

MnOxeCeO2 catalysts were synthesized to investigate the active sites for NO oxidation by varying the
calcination temperature. XRD and TEM results showed that cubic CeO2 and amorphous MnOx existed in
MnOxeCeO2 catalysts. High temperature calcination caused the sintering of amorphous MnOx and
transforming tobulk crystallineMn2O3.H2-TPR andXPS results suggested the valence ofMn inMnOxeCeO2

was higher than pure MnOx, and decreased with the increasing calcination temperature. The turnover
frequency (TOF) was calculated based on the initial reducibility according to H2-TPR quantitation and ki-
netic study. The TOF results indicated that the initial reducibility of amorphous MnOx with high valence
manganese ions was equivalent to the active sites for NO oxidation. It can be inferred that the amorphous
MnOx plays a key role in low-temperature NO oxidation.

© 2018 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.

NOx deriving from diesel engines remains a major source of air
pollution. To meet the criteria of changing stringent emission
limits, engineers and catalysts researchers, are endeavoring to
develop more efficient de-NOx techniques. Two typical techniques,
NSR (NOx storage and reduction) and SCR (selective catalytic
reduction), have been developed to convert NOx to harmless N2. In
both techniques, NO to NO2 oxidation reaction is a critical step.
During the lean period in NSR, NO needs to be oxidized to NO2. NO2

is easier to adsorbed on the storage components and promote the
NOx trapping capacity, which further enhances the fuel-economy
and de-NOx efficiency.1,2 Analogically, in SCR technique, NO2 is
considered to inspire fast SCR reaction.3 These two techniques are
mostly applied in the downstream of diesel oxidation catalyst
(DOC), oxidizing NO to NO2. Besides, the soot can be oxidized by

NO2 to achieve the passive regeneration of diesel particulate filter
(DPF).4 The catalysts for NO oxidation to NO2 take a key role in
exhaust after-treatment systems. Therefore, many research groups
have devoted to developing high-performance NO oxidation
catalysts.

Pt-based catalysts have excellent catalytic oxidation activity,
and have long been used for NO oxidation to NO2.5 Liu et al6 re-
ported that the acidic H-ZSM5 support promoted the preferential
adsorption of NO2 on the surface of soot and the surface strong acid
sites might catalyze the formation and decomposition of surface
oxygenated complexes on soot. Villani et al7 investigated the effects
of Pt particle size and support on the NO oxidation activity over Pt
catalysts. It has been reported that DOC accounts for a large part of
platinum in the noble metal market.8 However, its application is
limited to the high cost of noble metals. Thus, the inexpensive NO
oxidation catalysts with high catalytic performance are required to
develop to substitute noble metal catalysts.

In recent years, inexpensive MnOxeCeO2 oxides have attracted
growing attentions since the catalysts show remarkable activity in
oxidizing CO,9 CHx

10 and VOC compounds.11,12 Yang et al13 reported
the catalytic NO oxidation performance over MnOxeCeO2 in
NH3-SCR reaction. Several researchers have studied the synergistic
effect between MnOx and CeO2, as well as the active sites of NO
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oxidation reaction over MnOxeCeO2 catalyst. Wu et al14 considered
the synergistic effect betweenMnO and CeO2 as a process of oxygen
activation, and the oxygen transferred through the redox recycles of
Mn4þ/Mn3þ and Ce4þ/Ce3þ. Qi et al15 emphasized the significance
of the active oxygen species generated through the vacancy on the
interface between Ce and Mn. However, so far, the active sites are
still controversial and remain to be explored.

Our previous work16 reported that the Mn4þ and the activated
oxygen were favorable for NO oxidation reaction, but had no direct
evidence about the active sites. It has been reported that the calci-
nation temperature can affect the structure andvalence ofMnOx,17,18

which further influence the reaction activity. Based on the previous
work and the effects of calcination temperature on the catalysts, the
active sites for NO oxidation over MnOxeCeO2 were studied. In this
work, we investigated the NO oxidation over the MnOxeCeO2
calcined at different temperatures, pure MnOx and CeO2 samples.
The structure features, oxidation states, and redox properties of
these catalysts were characterized by XRD, HR-TEM, XPS and
H2-TPR. The active sites for NO oxidation of MnOxeCeO2 catalysts
were proposed based on the kinetics study and H2-TPR results.

1. Experimental

1.1. Sample synthesis

The samples were prepared by the co-precipitation method.
Mn(NO3)2 and Ce(NO3)3$6H2O with a Mn/(Mn þ Ce) mole ratio of
0.4 were dissolved to make a solution (1 mol/L). Then the solution
along with H2O2 was added to NH3$H2O with stirring at room
temperature. The amount of aqueous ammonia solution was 100%
excess compared to the reaction stoichiometry. Lastly, PEG2000
was introduced to the mixture. The crystallization process of the
obtained suspension was conducted at 70 �C in the mother liquid
for 12 h. Then the mixture was filtered, washed, and dried at 90 �C
overnight. The dried precursor was calcined at 550, 650, and 750 �C
under the flow of air for 5 h, denoted as MC-550, MC-650 and MC-
750, respectively. For comparison experiments, pure CeO2 and
MnOx were prepared in the same procedure with a calcination
temperature of 550 �C, denoted as C-550 and M-550, respectively.

1.2. Characterization

The structure of the catalysts was identified by X-ray diffraction
(XRD) on an X'Pert Pro diffractometer using Cu Ka (l ¼ 0.15418 nm)
with a power of 40 kV � 40 mA. The data from 2q range of 20�e90�

were collected with the step size of 0.02�.
Specific surface areas were tested on F-sorb 3400 volumetric

adsorption/desorption apparatus at liquid nitrogen temperature
using the BETmodel. Prior to the tests, the samples were pretreated
under vacuum at 150 �C for 3 h.

High resolution transmission electron microscopy (HR-TEM)
and Energy dispersive X-Ray spectroscopy (EDS) experiments of M-
550 were conducted with transmission Tecnai G2 F20 equipped
with a Gatan imaging filter operated at 200 kV.

X-ray photoelectron spectroscopy (XPS) experiments were
conducted with a PHI-1600 ESCA spectrometer with a non-
monochromatic Mg Ka (hn ¼ 1253.6 eV) radiation source operating
at 15 kV and 400 W. The background pressure in the XPS chamber
was kept below 0.67 � 10�6 Pa. The binding energy (BE) was cali-
brated based on the line position of C 1s (284.6 eV).

H2-TPR measurement was performed in a U-type reactor with
100 mg sample. The sample was firstly pretreated in 5% O2/N2 at
300 �C for 30 min, then cooled down to room temperature with N2
purging. Then the 5% H2/N2 was introduced with a flow rate of
30 mL/min. The sample was heated up from room temperature to

900 �C at 10 �C/min. The temperature programmed reduction
profile during the reduction was measured by a thermal conduc-
tivity detector (TCD).

1.3. Activity evaluation

Catalytic activity tests for NO oxidation were carried out in a
quartz tubular reactor. 0.2 g of catalyst sample (60e80 mesh) and
0.8 g of quartz sand (60e80 mesh) were packed and sandwiched
between two quartz wool plug. Prior to the test, the catalysts were
pretreated in 10% O2 at 500 �C for 1 h. The feed gas contained
100 ppm NO, 10% O2, 5% CO2, 5% H2O and balanced by N2 with
850 mL/min total flow (GHSV ¼ 30,000 h�1), the outlet gas was
analyzed by FT-IR spectrometer (MKS 2030). The activity tests were
conducted at temperatures from 150 to 450 �C at an interval of
50 �C. The steady-state NO conversion was calculated according to
the following equation:

NO conversion ¼ ½NO�inlet � ½NO�outlet
½NO�inlet

� 100% (1)

[NO]inlet is the inlet concentration of NO; [NO]outlet is the outlet
concentration of NO.

NO oxidation to NO2 is an exothermic reversible reaction which
is limited by the thermodynamic equilibrium at higher tempera-
tures. The equilibrium curve is calculated by the Van't Hoff
equation:

dlnKp

dT
¼ DHðTÞ

RT2
(2)

Kp ¼ pNO2

pNO$p
1=2
O2

(3)

Kp, DH, R, T, pNO, pO2
, and pNO2

represent equilibrium constant, re-
action enthalpy, gas constant, reaction temperature, the partial
pressures of NO, O2 and NO2, respectively.19

2. Results and discussion

2.1. Catalytic activity

Fig. 1 shows the results of NO oxidation over C-550, M-550 and
MC samples. The NO conversion increases with the increasing

Fig. 1. NO conversion curves of C-550, M-550 and MC samples.
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