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Promotional Role of Additive La on the NO Oxidation 
Performance of SmMn2O5 Mullite Catalyst 
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b
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A series of LaxSm1-xMn2Oδ (x=0, 0.1, 0.3, 0.5) catalysts were synthesized through a co-precipitation method, the catalytic 

activity of NO oxidation was enhanced with La substitution, and the maximum activity was achieved at x=0.3. XRD and 

HRTEM results revealed the formation of multiphase oxide as well as the interface structure between mullite (SmMn2O5) 

phase and Mn-rich perovskite (La0.96MnO3.05) phase. The main impact of different La/Sm molar ratios is the amount of 

surface adsorbed oxygen (Oads) and surface Mn4+ ions as revealed by XPS results. The NO oxidation performance was 

enhanced through La addition by promoting the decomposition of nitrate/nitrite species and desorption of NO2, improving 

the reducibility of surface adsorbed oxygen, as determined by the H2-TPR, NO+O2-TPRD and in-situ DRIFTS studies. Mono-, 

bi-dentate and bridged nitrates formed on the surface were determined to be primary reaction intermediates.

1. Introduction 

Lean-burn diesel engines with high air/fuel ratio are attracting 

much attention due to their higher fuel efficiency. However, high 

oxygen content in the exhaust emission makes it difficult to remove 

nitrogen oxides (NOx) which can result in detrimental 

environmental pollutions such as photochemical smog, acid rain, 

and ozone depletion.
 1-3

 In order to minimize the NOx pollutants and 

meet increasingly stringent automotive emission standards, various 

devices and technologies have been developed, among which 

selective catalytic reduction (SCR) and NOx storage reduction (NSR) 

are two mainstream solutions in auto exhaust treatment industry.
4-6

 

In both processes, NO2 plays a key role due to its stronger oxidizing 

capacity and easiness of being absorbed and trapped by catalysts 

than NO. In particular, in the so called fast SCR process, 

2NH3+NO+NO2→2N2+3H2O,
7,8

 the highest efficiency requires with 

an equal amount of NO2 and NO in the gas mixture. In addition, as 

an effective after-treatment technology to reduce the amount of 

released soot, the diesel particulate filters (DPFs) is widely used and 

a continuous DPF regeneration takes place by the action of NO2, as 

NO2 gets stronger oxidizability than O2.
9
 Since the direct 

downstream emission from a diesel engine has NO (~90%) as the 

major component, the NO oxidation to NO2 is a critical step in 

improving the DeNOx and DPF regeneration efficiency. 

Platinum group metal (PGM) catalysts have been widely used 

for the oxidation of NO due to their good performance. However, 

high cost and poor thermal stability of PGM limit its wider 

application.
10,11

 So far, a substantial amount of work has been 

undertaken in search for catalysts based on metal oxides as 

alternatives to traditional PGM catalysts. Transition metal oxides 

such as MnOx and Co3O4 have been investigated for NO oxidation, 

but the conversion efficiency has been found to be 

unsatisfactory.
8,12-14

 Meanwhile, perovskite-type oxides have also 

been studied extensively since 1970s, with both un-substituted
15-18

 

and substituted
11,19-22

 systems showing great promise as alternative 

emission catalysts. More recently, SmMn2O5 mullite and mullite 

based oxides were discovered and applied for NO oxidation as 

candidates for commercial PGM catalysts.
23,24

 More specifically, the 

mixed phase SrCeSmMn7O14.83 catalyst possesses highest 

conversion about 88% at above 300 
o
C, much higher than the 

commercial Pt catalyst. It has been shown that SmMn2O5 is the 

main source of activity and further enhanced through co-existence 

of other metal oxide components, which is not uncommon in mixed 

phase oxides.
25-28

 

Over the past years, it has been demonstrated that addition of 

hetero-atoms in metal oxides is an effective way of promoting their 

catalytic activity. Chen et al. showed that the activity of structurally 

modified non-stoichiometric perovskite LaxMnO3 increases with 

decreasing La content.
18

 Wang et al. investigated a B-site 

substituted perovskite, LaMn1-yCoyO3, the increased activity was 

attributed to the altered Mn
4+

 and activated oxygen species 

resulted from the synergetic effect between cobalt and 

manganese.
19

 Kim et al. reported superior performance of Sr-doped 
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LaCoO3 perovskite catalyst in NO oxidation compared to a Pt based 

commercial diesel oxidation catalyst (DOC).
11,20

 Moreover, metal 

oxides with La addition have also been investigated for reducing 

NOx and carbon soot from the tail-pipe exhaust. W. Y. Hernández et 

al. prepared La doped CeO2 and the research showed that the 

sample exhibited higher catalytic activity for CO oxidation due to 

the additional formation of oxygen vacancy.
29

 La modified TiO2 
30

 

and CeO2 
31

 were studied for soot oxidation, the enhanced catalytic 

activity was attributed to the increase of the lability of lattice 

oxygen and improved redox properties of CeO2. Overall, the 

addition of rare earth elements such as La into transition metal 

oxides generally provides beneficial influence on the activity and 

thermal stability, as well as enhanced oxygen storage capacity. 

However, the application of La addition and its effect on the activity 

in the recently discovered SmMn2O5 mullite is still lacking to the 

best of our knowledge.  

We present here a systematic study of the synthesis, 

characterization and performance of multiphase oxides based on 

SmMn2O5 mullite with La addition. A series of LaxSm1-xMn2Oδ (x=0, 

0.1, 0.3 and 0.5) catalysts were synthesized using co-precipitation 

method. The enhancement of catalytic activity for NO oxidation was 

observed among La modified samples, and the sample with the 

La/La+Sm molar ratio of 0.3 exhibited the best catalytic 

performance with low activation energy. With gradual increase of 

La concentrations, a multiphase catalyst with mullite (SmMn2O5) 

and non-stoichiometric perovskite (La0.96MnO3.05) as dominant 

phases was obtained as determined by the XRD and HRTEM 

characterizations. All the samples showed similar lump-like shape of 

morphology. The content of surface adsorbed oxygen species and 

surface Mn
4+

 increased after La introduction as revealed by the XPS 

characterization. The enhanced catalytic activity can be primarily 

attributed to the facile decomposition of nitrate/nitrite species and 

easier NO2 desorption as illustrated by the NO+O2-TPRD and DRIFTS 

studies, the surface adsorbed oxygen with improved reducibility as 

confirmed by H2-TPR experiment contributed as well. 

2. Experimental section 

2.1. Catalyst preparation 

La containing mullite-perovskite multiphase catalysts were 

prepared following the co-precipitation procedure as described in 

literature.
23

 Briefly, samples of LaxSm1-xMn2Oδ (x=0, 0.1, 0.3, 0.5) 

were prepared by dissolving appropriate amounts of La(NO3)3•6H2O, 

Sm(NO3)3•6H2O, Mn(NO3)2 (50wt.% in H2O) in deionized water 

using Pluronic F127 as a non-ionic surfactant, and with adequate 

stirring at room temperature. Then adding into a 25% solution of 

tetramethyammonium hydroxide (TMAH) to increase the pH to 9-

10, followed by the drop wise addition of 30% hydrogen peroxide 

(H2O2) (20-50% excess with regard to Mn) using octanol as a 

defoaming agent. The mixture was then stirred for 2 hours at room 

temperature and filtered to get the precipitate. Subsequently the 

precipitate was dried at 100
 o

C overnight and grinded to get the 

powder as precursor. Finally the precursor was calcined at 500
 o

C 

for 8 hours and followed by 8 hours at 800
 o

C in static air 

atmosphere. In this paper, catalysts with the formula LaxSm1-

xMn2Oδ (x=0, 0.1, 0.3, 0.5) are designated as LSM10×x. For example, 

La0.1Sm0.9Mn2Oδ is abbreviated as LSM1. 

The reference sample 2 wt.% Pt on γ-Al2O3 (Aladdin) was 

prepared by the incipient wetness method using Pt(NO3)2 (15 wt.% 

in H2O, Aladdin) as precursor, calcined at 500
 o

C for 2 hours. 

The LSM0 and LSM3 samples were hydrothermal aged and pre-

sulfureted to evaluate their susceptibility to hydrothermal aging 

and sulfur poisoning. The hydrothermal aging conditions were set 

to 10 hours at 820 
o
C in 10% H2O with air as balance and the total 

flow rate was set to 1000 ml/min. The sulfur poisoning conditions 

were 30 minutes at 300 
o
C in 200 ppm SO2, 10% H2O with air as 

balance and the total flow rate was set to 1000 ml/min. 

 

2.2. Catalyst characterization  

Phase identification of the fresh catalysts was carried out by X-ray 

diffraction (XRD), recorded on an analytical X’pert PRO 

diffractometer, using Cu Ka radiation with λ = 1.5406 Å in the 2θ 

ranging from 10 ° to 60 °. Phase recognition was obtained by 

comparison to standard JCPDS files. The Brunauer-Emmett-Teller 

(BET) specific surface area (m
2
/g) measurements were determined 

by N2 absorption at 77 K using Micromeritics ASAP 2020M 

physisorption analyzer. Prior to measurement, the samples were 

degassed at 300
 o

C under vacuum overnight. The scanning electron 

microscopic (SEM) images of the catalysts were recorded on a field-

emission scanning electron microscopy (FE-SEM, FEI, Nova 

NanoSEM 450 microscope). Transmission electron microscopy (TEM) 

and high-resolution transmission microscopy (HRTEM) images were 

analyzed with a JEM 2100 microscope operated at 200 kV. 

The X-ray photoelectron spectroscopy (XPS) measurements 

were conducted on AXIS ULTRADLD Multifunctional X-ray 

Photoelectron Spectroscope with an Al Kα radiation source at room 

temperature and the base pressure was 10
-7

 Pa (10
-9

 Torr). The 

starting angle of the photoelectron was set at 90 
o
. Fresh samples 

were used to conduct this experiment. All binding energies were 

calibrated internally by the carbon deposit C 1s binding energy (BE) 

at 284.8 eV. 

50 mg sample was used in H2 temperature programmed 

reduction (TPR) measurements on a FINESORB-3010E instrument 

(Zhejiang Finetec Co.). TPR profiles were recorded using a 10% 

H2/Ar mixture. Prior to reduction, the sample was pretreated at 500 
o
C for 30 minutes in a stream of 10% O2/N2 (100 ml/min) and then 

cooled down to room temperature. The temperature was retained 

at room temperature for 30 minutes then increased to 800 
o
C at a 

rate of 5 
o
C/min, and kept at 800 

o
C for 30 minutes under the H2/Ar 

flow at 50 ml/min. The variation of H2 concentration in the outlet 

gas was continually monitored by a thermal conductivity detector 

(TCD), and a water trap removed moisture from the TPR effluent 

stream before the TCD. 

The temperature programmed reaction and desorption (TPRD) 

of NO+O2 experiments were carried out on a FINESORB-3010E 

instrument (Zhejiang Finetec Co.). 50 mg of sample was used in 

each NO+O2-TPRD measurement. The adsorption/reaction of 

(NO+O2) on the catalyst sample was carried out at 150 
o
C with a 

flow of 400 ppm NO, 10% O2 in N2 balance (150 ml/min) for 1 hour 

followed by purging with a N2 flow (200 ml/min) at the same 

temperature for 1 hour. The catalyst was then heated up to 800
 o

C 
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at a rate of 5
 o

C/min. The composition of the desorbed gas was 

continuously recorded with a chemiluminescence NOx analyzer 

(EcoPhysics, CLD822Mh), which can detect NO and NO2 

simultaneously with a detection limit of 0.25 ppm. 

The temperature programmed desorption (TPD) of NO 

experiments were carried out on a FINESORB-3010E instrument 

(Zhejiang Finetec Co.). 50 mg of sample was used in each NO -TPD 

measurement. The adsorption of NO on the catalyst sample was 

carried out at room temperature with a flow of 500 ppm NO in N2 

balance (150 ml/min) for 1 hour followed by purging with a N2 flow 

(200 ml/min) at the same temperature for 1 hour to eliminate 

weakly physical adsorbed NO on the catalysts. The catalyst was 

then heated up to 500 
o
C at a rate of 5 

o
C/min. The concentration of 

desorbed NO was continuously recorded with a chemiluminescence 

NOx analyzer (EcoPhysics, CLD822Mh). The detailed results were 

given and discussed in supplementary material. 
Diffuse reflectance infrared Fourier transform (DRIFT) spectra 

were obtained with a resolution of 4 cm
-1

 in the range of 1000-4000 

cm
-1

, using an FT-IR (Thermo Scientific Nicolet 6700) equipped with 

an MCT detector and a DRIFT cell (Pike). Prior to each FT-IR 

experiment, the sample was pretreated at 500 
o
C for 30 minutes in 

a flow of 10% O2 in N2 balance at 100 ml/min. The IR spectra were 

then obtained under the flow of 400 ppm NO, 0% or 10% O2 and N2 

balance at 150 ml/min from 150 
o
C to 300 

o
C. 

2.3. Catalytic activity testing 

The catalysts (0.2 g) were tested in a U-type vertical quartz tubular 

reactor with 5 mm internal diameter operated at atmospheric 

pressure, with the temperature measured by a K-type 

thermocouple. The catalysts were placed in the middle of the 

reactor between two clogs of quartz wool. The gases were fed using 

a series of mass flow controllers. The reaction gas contained 400 

ppm NO, 10% O2, 3% H2O and N2 as the balance. The total flow rate 

was 600 ml/min, corresponding to a gas hour space velocity (GHSV) 

of about 90,000 h
-1

. The effluent gas was analyzed by using a 

Fourier transform infrared (FTIR) spectrometer (MKS, MultiGas 

2030). The furnace was ramped up at 5 
o
C/min rate from room 

temperature to 400
 o

C. The conversion of NO, XNO (%), was defined 

as the percentage of NO feed that has reacted, and it was 

calculated according to Eq. (1): 

XNO(%) =
CNO,in−CNO,out

CNO,in
× 100,                                    (1) 

where CNO,in is the volumetric concentration of NO in the inlet gas 

and CNO,out is the volumetric concentration of NO in the outlet gas. 

The NO oxidation kinetic study was carried out with a flow rate 

set to 400 ml/min, under which condition the diffusion effect could 

be eliminated (Fig. S1). 25 mg meshed (80-100 mesh) catalysts were 

used for each experiment in order to eliminate the internal 

diffusion effect (Fig. S2).
18,32,33

 The samples were pretreated in 10% 

O2/N2 (100 ml/min) at 500 
o
C for 30 minutes. The steady-state NO 

oxidation experiments were performed using a reactant gas mixture 

containing 400 ppm NO, 10% O2 and N2 as the balance. The typical 

time to achieve a steady-state at each temperature was 30 minutes. 

The turnover frequencies (TOFs) of NO oxidation over the catalyst 

were normalized to NO adsorption sites and calculated according to 

Eq. (2): 
TOFNO(s

−1) = XNOQCf/WNad,                                     (2) 

where Q is the volumetric flow rate (ml/s) and Cf  is the feed 

concentration of NO (mol/ml). W is the weight of the catalyst 

employed (g). Nad is the adsorbed amount of NO (mol/g) below 200 
o
C (Table S2). To determine the activation energy (Ea), temperature 

was varied from 160 
o
C to 220 

o
C to ensure that the NO conversion 

is always lower than 15%, at which condition the inhibition effect of 

NO2 on the NO oxidation reaction has been kept negligible (Fig. S3), 

and Ea was calculated from the slope of the Arrhenius-type plot of 

the oxidation TOFs of NO. 

3. Results and discussion 

3.1 NO oxidation activity of La substituted samples 

Fig. 1a presents the conversions of NO as a function of the reaction 

temperature over the fresh catalysts for this series of samples with 

different additive La concentration. At low temperatures the NO 

oxidation was kinetically limited and the conversion was low. With 

temperature rising, the activity gradually increased, approaching 

the thermodynamic limit. Among these catalysts, pure SmMn2O5 

showed activity above 100 
o
C and obtained a maximum conversion 

of 78% at 320 
o
C. By addition of La, enhancement of the catalytic 

activity for NO oxidation can be clearly observed. All La containing 

samples showed higher NO conversion than pure SmMn2O5 sample 

in the temperature range of 100-300 
o
C and the maximum activity 

point shifted from 320 
o
C to a lower temperature of 290 

o
C. In  

 

 

 

Fig. 1 a: Activities of LaxSm1-xMn2Oδ (x=0, 0.1, 0.3, 0.5) fresh 

samples for NO oxidation; b: Activities of hydrothermal aged 

LaxSm1-xMn2Oδ (x=0, 0.3); c: Activities of sulfated LaxSm1-xMn2Oδ 

(x=0, 0.3); d: Arrhenius plots for the catalysts based on TOFs in the 

temperature range of 160-220 
o
C.  
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addition, all samples achieved higher activity than the reference 

precious metal sample, i.e. 2wt. % Pt on γ-Al2O3, which had a max 

conversion of 60% at around 330
 o

C. It is worth mentioning that the 

LSM3 catalyst exhibited the best performance, where the NO 

conversion started at temperatures as low as 100 
o
C, and obtained 

a maximum conversion of 85% at 290
 o

C. The catalytic performance 

is in the order of LSM3＞LSM5＞LSM1＞LSM0. LSM3 even showed 

the maximum conversion (91%) at about 255 
o
C without H2O in the 

feed stream (Fig. S5), lower than reported mixed phase oxides 

SmSrCeMn7O14.83.
23

 LSM0 and LSM3 samples were hydrothermal 

aged and pre-sulfureted as representatives to further investigate 

their susceptibility to hydrothermal aging and sulfur poisoning. The 

catalytic activities of LSM0 and LSM3 samples were maintained 

after hydrothermal aging as shown in Fig. 1b, the highest 

conversion slightly decreased to 77% and 82% for LSM0 and LSM3, 

respectively, indicating a strong hydrothermal resistance of mixed 

phase oxides. And LSM3 still exhibited better NO oxidation 

performance than LSM0 after hydrothermal aging in the whole 

temperature range. As for the pre-sulfureted LSM0 and LSM3 

samples, we can see from Fig. 1c the NO oxidation activities both 

decreased considerably for the highest conversion of LSM0 and 

LSM3 samples decreased to 61% at 360 
o
C and 70% at 330 

o
C, 

respectively, implying its susceptibility to sulfur poisoning is to be 

further improved like many other metal oxides. 

In an effort to compare the catalysts performance based on 

TOFs, NO desorption amount below 200 
o
C was considered as 

bonding to the active sites and quantified (Table S2).
34,35

 The TOFs 

calculated as (mol NO converted/time)/(mol NO adsorbed) with 

temperature over the LaxSm1-xMn2Oδ series catalysts are presented 

in Fig. 1d. The La modified catalysts exhibited higher NO oxidation 

TOFs than pure SmMn2O5 with LSM3 presenting the highest TOFs 

among the samples, which is consistent with the activity 

performance. The apparent activation energy for LSM samples as 

determined in the temperature range of 160-220 
o
C followed the 

sequence: LSM0 (42.8 kJ/mol) ＞LSM1 (39.3 kJ/mol) ＞LSM5 (37.1 

kJ/mol) ＞LSM3 (35.5 kJ/mol). The lower NO oxidation activation 

energy of LSM3 catalyst indicates the beneficial effect of La addition 

in the LaxSm1-xMn2Oδ composite catalysts. 

 

3.2 Physical properties 

Fig. 2 shows the XRD patterns of the LaxSm1-xMn2Oδ catalysts with 

the bar patterns of SmMn2O5 [52-1096] phase included. The 

orthorhombic structure of SmMn2O5 mullite was clearly observed 

without any segregated phases in the x=0 sample. The calcination 

condition (8 hours at 500
 o

C followed by 8 hours at 800
 o

C) is 

considered sufficient for getting well-crystallized mullite structure. 

When La was introduced into the mullite, a mixed-phase oxide and 

a change of mullite structure were observed, consistent with results 

reported earlier.
10,23,36

 When x=0.1, the typical XRD peak intensity 

of the SmMn2O5 mullite slightly decreased, implying less amount of 

SmMn2O5 was generated. Moreover, the two main peaks at 28.7 
o
 

and 30.6 
o
 standing for SmMn2O5 shifted to lower 2θ angles (inset in 

Fig. 2), indicating that a portion of larger radius La
3+

 (1.36 Å) than 

that of Sm
3+

 (1.24 Å)
37-39

 had been doped into the lattice structure 

of mullite, in agreement with the d-spacing (211) enlargement of 

SmMn2O5 mullite as a result of lattice volume expansion listed in  

Table 1 d(211) of mullite and BET surface areas in LaxSm1-xMn2Oδ 

oxides 

LaxSm1-xMn2Oδ x=0 x=0.1 x=0.3 x=0.5 

d(211) of mullite 

(Å) 
2.922 2.938 2.952 2.953 

BET surface 

areas (m
2
/g) 

15.70 7.73 15.27 18.34 

 

 

Fig. 2 XRD profiles of LaxSm1-xMn2Oδ samples, x=0, 0.1, 0.3, 0.5. 

 

 

Table 1. It is also worth noting that the appearance of two low 

intensity peaks at 22.9 
o
 and at 32.8 

o
 corresponds to the formation 

of non-stoichiometric Mn-rich perovskite-type La0.96MnO3.05 [89- 

0678] phase with rhombohedral structure. The generation of Mn-

rich perovskite is reasonable as perovskite phase can be obtained at 

about 700 
o
C.

14,23
 The origin of the formation of this Mn rich phase 

can also be attributed to the fixed molar ratio of Mn/(La+Sm) of 2 

during the preparation process, as the remaining Mn was in excess 

to un-substituted La to form strictly stoichiometric perovskite. 

When x≥0.3, the XRD peak intensity of the SmMn2O5 mullite further 

decreased while the main peak intensity of La0.96MnO3.05 increased 

considerably. Small amount of La2O3 [22-0369] and Mn3O4 [24-0734] 

were also observed upon more La addition, their intensities 

increased with a concurrent loss of the mullite crystallinity. As for 

the LSM3 sample, which shows the best catalytic activity, its XRD 

spectrum in Fig.2 showed four crystalline phases: distorted mullite 

SmMn2O5, non-stoichiometric perovskite La0.96MnO3.05, 

hausmannite Mn3O4, and a small amount of La2O3.
 
 

The XRD results along with the expansion of d-spacing of 

SmMn2O5 (211) indicated that La was partially incorporated into the 

mullite structure along with the formation of non-stoichiometric 

Mn-rich perovskite, and the amount of perovskite phase increased 

with La molar ratio. The partial substitution of Sm
3+

 by La
3+

 would 

lead to the presence of structural defects and the formation of 

oxygen vacancies,
40,41

 which were considered beneficial for NO 

oxidation.  

BET specific surface area of the obtained samples was shown in 

Table 1. The specific surface area for LSM0 was 15.70 m
2
/g. When 
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La was incorporated i.e. x=0.1, the specific surface area decreased 

to 7.73 m
2
/g, which may be attributed to the aggregation of 

perovskite particles during the calcination process at 800 
o
C. The 

specific surface area increased for LSM3 and LSM5 samples, which 

had similar or higher specific surface area than the LSM0 sample. 

The addition of La caused a creation of multiphase with mullite-

perovskite interface, as confirmed by XRD results and HRTEM image 

(Fig. 4b), generally, the multiphase content increases as raising La 

addition. Since LSM0 possessed a relatively high surface area, the 

higher surface area for LSM3 and LSM5 may be mainly attributed to 

the increased multiphase, preventing the aggregation of perovskite 

nanoparticles. The segregated La2O3 particles may also act as 

sintering barriers to inhabit the growth of grain when calcined at 

high temperature.
42-44

 A similar trend has been also observed over 

the Sr, Ag substituted LaMnO3 perovskite.
36,40

 

SEM was employed to examine the morphology of the La 

containing composite catalysts with respect to their La content. In 

Fig. 3, the LSM samples showed the agglomerated lump-like shape 

of morphology, regardless of the La amount. LSM1 sample had the 

lowest specific surface area, with the particles aggregation clearly 

observed. The particle sizes of LSM0, LSM3 and LSM5 samples 

displayed by the SEM images were consistent with the BET 

measurements. 

Since LSM3 sample exhibited the best catalytic performance 

among the samples. TEM and HRTEM images of LSM3 sample were 

taken and shown in Fig. 4. The particle size of as-prepared catalysts 

was in the range of 50 nm to 60 nm. Well-crystallized mullite-type 

SmMn2O5 (whose lattice fringe of (1 1 0) plane is 0.563 nm), 

perovskite-type La0.96MnO3.05 (whose lattice fringe of (1 1 0) plane is 

0.273 nm) and the formation of interface structure between mullite 

and perovskite could be seen from the HRTEM image (Fig. 4b). 

These were in good agreement with the XRD results implying that 

the sample was multiphase composed. The (1 1 0) plane of 

SmMn2O5 is active for NO oxidation according to Wang’s work.
23

 

Furthermore, Chen et al. found that Mn-rich perovskite showed  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 SEM images of LaxSm1-xMn2Oδ samples, x=0, 0.1, 0.3, 0.5. 

 

Fig. 4 TEM and HRTEM images of La0.3Sm0.7Mn2Oδ (LSM3) sample. a: 

TEM image; b: HRTEM image. 

 

better catalytic activity for NO oxidation than strictly stoichiometric 

LaMnO3.
18

 In our NO oxidation reaction, the activity of Mn3O4 and 

La2O3 showed only negligible conversion for NO oxidation below 

400 
o
C (Fig. S4), these non-active oxides would not contribute much 

to the catalytic activity directly. The lower reaction rates of 

perovskite than mullite on the basis of surface area through 200-

275 
o
C (Table S1) suggested the catalytically active sites were 

mainly mullite phase among the mixed phase oxides, the perovskite 

results in additional high-temperature (>300 
o
C) catalytic activity. 

The La containing mullite-perovskite composite oxides showed 

higher activity than individual component (Fig. S4), indicating a 

synergetic effect between the active mullite and perovskite 

phases.
25-28

 The formation of defects and vacancies would lead to 

enhanced capacity of electron capture and release, resulting in 

better reducibility of catalysts and promoting the catalytic activity. 

 

3.3 Surface chemical states of the La modified samples 

XPS was used to reveal the chemical states and the relative 

abundance of the elements on the surface of LSM catalysts. Fig. 5a 

shows the XPS spectra of O 1s for the LaxSm1-xMn2Oδ samples. There 

were two oxygen signals: lattice oxygen (O
2-

) at 529.3-529.9 eV, and 

surface adsorbed oxygen (O2
2-

, O
-
 etc) at 531.0-531.4 eV.

36,40,45,46
 

The molar ratio of Oads/Olatt was obtained by quantitative 

calculation of the corresponding peaks areas and is shown in Table 

2. The Oads/Olatt molar ratio has an initial increase with La addition, 

which can be attributed to the formation of additional oxygen 

vacancies resulted from the partial substitution of Sm by La, which 

attracts weakly bound oxygen species compared with lattice O
2-

 

ions.
36,40

 The generated non-stoichiometric perovskite La0.96MnO3.05 

contributed as well. When further increasing La content, the 

formation of segregated non-active oxides, such as La2O3, Mn3O4 

etc., would block the oxygen vacancies and lead to a decrease of 

Oads/Olatt molar ratio. The slightly higher La/Sm molar ratio on the 

surface of La modified samples than theoretical value (Table 2) 

suggested the surface enrichment of La, which supported the 

deduction. Furthermore, as for LSM0 sample, the binding energy for 

lattice oxygen and surface oxygen was 529.13 eV and 531.02 eV, 

respectively. It is found that the binding energy shifted to 529.59 eV 

and 531.34 eV for LSM3 catalyst. The increase in the binding energy 

after the addition of La could be correlated to the presence of 

defects in oxides
45

 and the chemical state change of surface oxygen, 

which may improve the ability of electron capture and release, 

leading to enhanced reducibility of surface oxygen. 
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Table 2 Surface atomic ratio of LaxSm1-xMn2Oδ 

LaxSm1-xMn2Oδ x=0 x=0.1 x=0.3 x=0.5 

Oads/Olatt 0.37 0.64 0.59 0.54 

Mn
4+

/Mn
3+

 0.70 1.08 0.97 0.83 

La/Sm 0 0.18 0.61 1.29 

 

 

Fig. 5 XPS spectra of LaxSm1-xMn2Oδ (x=0, 0.1, 0.3, 0.5) samples. a: O 

1s spectra; b: Mn 2p spectra. 

 

 

 

Fig. 5b shows the XPS spectra of Mn 2p. The Mn 2p profiles 

could be de-convoluted into two contributions referred to Mn
3+

 at 

641.3-641.7 eV and Mn
4+

 at 642.2-643 eV,
40,47,48

 respectively. The 

detailed Mn
4+

/Mn
3+

 atomic ratio is summarized in Table 2. It could 

be seen from the table that with respect to the amount of La 

substitution, the concentration of Mn
4+

 follows similar trend as that 

of Oads/Olatt molar ratio which is in agreement with previous 

reports.
49,50

 Mn
4+

 was formed in both mullite and non-

stoichiometric perovskite structures. After La addition, the Oads/Olatt 

molar ratio increased for LSM1 due to the formation of additional 

vacancies adsorbing oxygen, while decreased for LSM3 and LSM5 as 

more segregated non-active oxides blocking the vacancies. When 

the vacancies were filled up with adsorbed oxygen and led to 

increased Oads/Olatt molar ratio, the neighbouring Mn
3+

 would be 

oxidized into Mn
4+

 to balance the charge neutralization, resulting in 

higher Mn
4+

/Mn
3+

 molar ratio, following the same sequence of 

Oads/Olatt.
40,51,52

 Partial oxidation of Mn
3+

 into unstable Mn
4+

 ions on 

the surface of the catalysts could produce more active sites of 

redox couples and lead to better catalytic performance than pure 

SmMn2O5 mullite. Since adsorbed surface oxygen is active in 

oxidation reactions, higher Oads ratio would facilitate the oxidation 

of NO to some extent. Among the catalysts, all the La containing 

samples achieved higher percentage of adsorbed oxygen, and 

exhibited better performance than SmMn2O5 mullite. However, the 

LSM1 sample which got highest amount of oxygen had a low 

activity. It indicates that the catalytic activities of samples are not 

simply determined by adsorbed oxygen amount, the reducibility of 

adsorbed oxygen and NO2 desorption behaviour would play crucial 

roles. Especially for the NO2 desorption performance, which is 

proposed as the rate limiting step in NO oxidation for mullite 

catalysts.
23,24

 These characterizations will be further discussed in 

the following parts. 

 

3.4 Reducibility of the catalysts 

In general, the reducibility and replenishment of surface oxygen 

species play a key role in NO oxidation. The easy reducible adsorbed 

oxygen would affect the NO+Oads reaction and further influence the 

catalytic activity. In order to investigate the reducibility of oxygen 

species on the surface of multiphase oxides, H2-TPR experiments 

were carried out. Fig. 6 shows TPR profiles for the LSM series 

catalysts. In general, the H2-TPR profiles of the LSM samples 

showed three reduction peaks, with a peak at below 400 
o
C, a 

shoulder close to 450 
o
C, and the last peak at around 650 

o
C, 

suggesting a multiple-step reduction process. Note that the catalyst 

samples were pretreated by O2 before the TPR experiment. The first 

reduction profile can be assigned to the removal of surface 

adsorbed oxygen, which are the most weakly bound and active 

oxygen in the catalysts, followed by the reduction of Mn
4+

 to Mn
3+

 

below 500 
o
C, and a third reduction peak above 600 

o
C resulted 

from the reduction of Mn
3+

 to Mn
2+

.
40,53,54

 In addition, it is 

noteworthy that the first reduction peak ascribed to the reduction 

of surface adsorbed oxygen moved to a lower temperature from 

398 
o
C to 392 

o
C when La was introduced into the composite 

catalyst. The reduction temperatures further moved to 365 
o
C and 

375 
o
C for LSM3 and LSM5 samples, respectively. The lower 

temperature suggested the easiness of reduction of surface 

adsorbed oxygen for La containing composite catalysts.  

The differences in reducibility of different LSM series catalysts 

can be attributed to changes in the composition of catalysts with 

various La/Sm molar ratios. According to the XRD results, the La/Sm 

molar ratio showed significant effects on the molar ratio of 

perovskite/mullite, thus an appropriate perovskite/mullite ratio will 

lead to the reduction of the surface adsorbed oxygen at low 

temperatures. The excess oxygen on the surface of La0.96MnO3.05 is 

easier to be reduced than that of SmMn2O5 mullite forming more 

stable stoichiometric perovskite while the neighbouring mullite 

would reoxidize the reduced perovskite, leading to easier reducible  

 

 

Fig. 6 H2-TPR profiles of LaxSm1-xMn2Oδ (x=0, 0.1, 0.3, 0.5) samples. 
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multiphase catalysts than pure mullite. The presence of SmMn2O5 

combined with La0.96MnO3.05 would facilitate the mobility and 

activation of adsorbed oxygen, as indicated by the shift of binding 

energy of surface adsorbed oxygen on La containing catalysts, 

promoting the reducibility of LSM3 sample and resulting in better 

reactivity.
19,36,38

 This promotion is less evident for LSM1 sample 

because fewer interfaces were formed due to small amount of 

perovskite. As for LSM5 sample, the content of mullite decreased 

with the concomitant formation of non-active oxides La2O3 and 

Mn3O4, which would block the active sites. The increased inert 

oxides resulted in worse reducibility of surface adsorbed oxygen 

than that of LSM3. As a result, La containing samples got improved 

reducibility of surface adsorbed oxygen and exhibited better NO 

oxidation performance, which is consistent with the trend in the 

reactivity of catalysts.
38,40,45

 It is evident that the facile reducible 

surface adsorbed oxygen species played a key role in NO oxidation 

over mullite-perovskite multiphase oxides. The second 

consumption peak ascribed to the reduction of Mn
4+

 to Mn
3+

 clearly 

shifted to lower temperature when La content was increased up to 

0.5, indicating easier reduction of Mn
4+

. The easily reducible Mn
4+

 

may arise from increased perovskite amount as LaMnO3 has a lower 

reduction temperature of Mn
4+

 to Mn
3+

.
15,18,38

 The third reduction 

peak at above 600 
o
C shifted to higher temperature region when La 

was introduced, indicating the improved thermal stability attributed 

to the highly dispersed La2O3 oxide.
42-44

 

 

3.5 (NO+O2) TPRD and DRIFTS study of NO oxidation over La 

modified mullites 

To further investigate the active surface species in LSM samples, the 

(NO+O2) in-situ TPRD experiment was conducted for the analysis of 

the concentration of desorbed NOx species. NO and NO2 were the 

main desorption species as shown in Fig. 7. Note that the 

pretreatment was carried out at 150 
o
C, at which the conversion of 

NO was low, it is reasonable that more NO desorbed than NO2. NO2 

desorption performance was foremost for it being proposed as the 

rate limiting step for mullite oxides in NO oxidation according to the 

literatures.
23,24

 The desorption amount of NO2 and NO increased for 

LSM1 catalyst than that of pure SmMn2O5, implying larger amount 

of NOx was generated from decomposed surface nitrites/nitrates. 

The desorption amount of NO2 further increased when increasing x 

to 0.3 and 0.5. While the NO2 desorption temperature decreased 

slightly from 235 
o
C to 232 

o
C for LSM1 sample, further shifted to a 

lower temperature region to 209 
o
C for LSM3 sample, and 228 

o
C 

for LSM5 sample, respectively. The NO2 desorption performance 

follows the similar trend as that of surface adsorbed oxygen 

reducibility, and a lower NO2 desorption temperature for La 

containing catalysts will result in faster NO2 formation on the 

surface of La-substituted mullite in the low-temperature region 

compared to that on pure SmMn2O5. With the lowest NO2 

desorption temperature, LSM3 catalyst exhibited the highest 

catalytic activity for NO oxidation. On the other hand, the trend of 

NO desorption behaviour follows the same trend as that of NO2 

desorption. We can see that NO2 formation and desorption 

performance got improved through La substitution, indicating the 

better reactivity of active sites on multiphase catalysts, thus leading  

 

Fig. 7 (NO+O2) profiles of LaxSm1-xMn2Oδ (x=0, 0.1, 0.3, 0.5).
 

 

to higher TOF values for samples with various La loadings than that 

of pure mullite.  

In-situ DRIFTS experiments were also performed at steady state 

in NO and NO+O2 gas environments at 150 
o
C (Fig. 8a). Only the 

adsorption species with high stability would be present on the 

surface when the spectra were taken. NO adsorption on LSM 

samples was investigated first. Four types of the nitrate species, 

mono- , bridged- and bi-dentate nitrates on manganese oxides as 

well as Sm-nitrate, and mono-dentate Mn-nitrite can be formed on 

the surfaces of catalysts according to the literatures.
23,40,55,56

 The 

formation of nitrates/nitrites resulted from the NO+Oads reaction 

acting as the first step in NO oxidation on catalysts. Moreover, 

when x≥0.3, a new band at 1340 cm
-1

 emerged and it can be 

assigned to the NO chelating on La2O3,
57,58

 which is in accordance 

with the XRD results, indicating the existence of segregated La2O3 in 

LSM3 and LSM5 multiphase oxides. In comparison with the  

 

 

 

Mn bi-dentate nitrate: 1630 and 1571 cm-1; Mn mono-dentate nitrate: 1522 

and 1276 cm-1; Mn bridged nitrate: 1214, 1244 and 1009 cm-1; Mn mono-

dentate nitrite: 1600 cm-1; Sm nitrate: 1553 cm-1; 

 La2O3 NO chelating: 1340 cm-1
 

Fig. 8 a: Evolution of DRIFTS spectra at 150 
o
C on LaxSm1-xMn2Oδ 

(x=0, 0.1, 0.3, 0.5) samples during exposure to NO and NO+O2 feed 

gases; b: DRIFT spectra of the La0.3Sm0.7Mn2Oδ sample as a function 

of temperature. Feed: 400 ppm NO, 10% O2 and N2 balance. 

Temperature: 150-300 
o
C. 
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adsorption spectra with only NO flowing through the samples, 

intensities of bands positioned at 1630, 1600 and 1571 cm
-1

 

increased when O2 was introduced, which resulted from the 

restoration of consumed surface adsorbed oxygen, similar to the 

findings by Wang et al.
23

 From these results, it could be deduced 

that bi-dentate Mn-nitrate and mono-dentate Mn-nitrite on the 

mullite surface were main reaction intermediates and the 

important role of surface oxygen in forming intermediates in NO 

oxidation. The IR bands due to nitrate/nitrite species on LSM0 and 

LSM1 were quite strong, indicating that NO+Oads reaction is fast 

enough on the surface.  It is noteworthy that IR spectra intensities 

of LSM3 and LSM5 catalysts at 1630, 1600 and 1571 cm
-1

 decreased 

compared to LSM0 and LSM1 catalysts. This observation indicated 

that the main reaction intermediates may be destabilized after the 

introduction of La. The destabilization will induce the intermediates 

to be more easily decomposed to desorb NO2 and accelerate the 

rate-limiting step in NO oxidation for mullite, which is in good 

agreement with the lower NO2 desorption temperature as 

determined by the (NO+O2) TPRD study. The easier NO2 desorption 

in turn regenerated the surface active sites quickly to keep the 

reaction continue and further accelerated NO oxidation reaction 

rates. The promoted decomposition of nitrate/nitrite species and 

desorption of NO2 may mainly be due to the generation of interface 

between mullite and non-stoichiometric perovskite. The 

performance got continually improved with formation of more  

interface as x increased to 0.3, beyond which some of the interface 

were blocked by segregated inert oxides and resulted in worse 

performance than x=0.3 sample.  

The spectra in Fig. 8b reveal the effect of temperature on the IR 

spectra of NO+O2 for the LSM3 sample. Fig. 8b suggests the 

formation of mono-, bridged- and bi-dentate nitrates on 

manganese oxides as well as the formation of Sm-nitrate, mono-

dentate Mn-nitrite and NO chelating on La2O3 in the range of 150-

300 
o
C. The significant decrease of the IR intensities of the mono-

dentate and bi-dentate nitrates/nitrites when increasing the 

temperature, coupled with the intensity restoration of bands 

mentioned above and the NO2 desorption from the catalyst surface 

as shown in Fig. 7 suggested that these nitrate/nitrite species are 

the key reaction intermediates in the oxidation of NO to NO2 over 

mullite-perovskite multiphase catalysts. What’s more, a higher 

percent of intensity decrease for LSM3 sample generally indicated 

easier conversion of reaction intermediates to NO2 formation, and 

better specific cite reactivity (Fig. S7). The spectra intensity of 

chelating NO on La2O3 was constant in the whole temperature 

region, indicating that the chelating NO on La2O3 is not responsible 

for NO2 formation, which is consistent with the activity test for 

La2O3 (Fig. S4). 

Combining the evidences from XPS, H2-TPR, NO+O2-TPRD and 

in-situ DRIFTS experiments, the reaction pathways for oxidizing NO 

to NO2 over LaxSm1-xMn2Oδ (x=0.1, 0.3, 0.5) are proposed and 

depicted in Scheme 1, where some of surface adsorbed oxygen 

serve as active sites,
23,38,56

 and the reaction pathways may involve 

more active surface oxygen bonding to the interface of non-

stoichiometric perovskite and mullite, which is slightly different 

from pure mullite. In brief, NO is oxidized by active surface 

adsorbed oxygen firstly to form mono- (1600, 1522, 1276 cm
-1

) and 

bi-dentate (1630, 1571 cm
-1

) nitrates/nitrites (step 1), followed by  

Scheme 1 Reaction pathways for NO oxidation on the surface of 

LaxSm1-xMn2Oδ.

 

its decomposition into NO2 to generate the oxygen vacancies (step 

2), and finally gas-phase oxygen adsorbs onto the oxygen vacancies 

to replenish surface adsorbed oxygen to complete the redox cycle 

(step 3), constituting the primary reaction pathway to oxidize NO to 

NO2. Formation of the mullite/perovskite interface is beneficial to 

both the NO2 desorption barrier reduction and improving the 

reducibility of adsorbed oxygen. The enhanced catalytic activity of 

NO oxidation for La substituted SmMn2O5 mullite is most relevant 

to the easiness of NO2 desorption coming from the decomposition 

of surface nitrate/nitrite species, which is proposed as the rate 

limiting step in NO oxidation for mullite catalysts.
23,24

 The easily 

reducible surface adsorbed oxygen facilitated the easier NO+Oads 

reaction (step 1), and together the easier NO2 desorption 

regenerates the surface active sites quickly (step 2) to keep the 

reaction continue and further accelerate NO oxidation reaction 

rates. Therefore, the NO oxidation catalytic activity for La 

substituted mullite oxides is improved with accelerated reaction 

rates in the step 1 and 2 process. 

4. Conclusions 

La modified SmMn2O5 mullite oxides (LaxSm1-xMn2Oδ) synthesized 

using co-precipitation method were applied to catalyze the NO 

oxidation reaction. Multiphase catalysts based on mullite and 

perovskite were obtained after La introduction. All samples with 

additive La got enhanced catalytic performance, among which 

La0.3Sm0.7Mn2Oδ catalyst exhibited the highest activity with a 

maximum conversion of 85% at about 290 
o
C as well as high 

hydrothermal resistance. The ratios of Oads/Olatt and Mn
4+

/Mn
3+

 on 

the composite catalysts increased and the surface adsorbed oxygen 

achieved better reducibility through La substitution. The enhanced 

catalytic performance was mainly attributed to the decreased 

thermal stability of major reaction intermediates, i.e. mono- and bi-

dentate nitrates/nitrites on catalysts surface, facilitating NO2 

desorption and finally promoting NO oxidation as revealed by in-

situ DRIFTS characterization. The easily reducible surface adsorbed 

oxygen contributed as well. 
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