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Experimental section

1.1. Synthesis of Catalysts. In a typical synthesis of mesoporous MnNbOx oxide, 0.65 g of niobium (V) 

ethoxide (99.999%, Alfa), 2.0 g Mn(OOCCH3)2∙4H2O (99%, Aldrich) and 1.0 g of ionic liquid (BmimTf2N) were 

dissolved in 5.0 ml of ethanol. The solution was stirred at room temperature for 2 h until Mn(OOCCH3)2∙4H2O was 

completely dissolved. Subsequently, ethanol (5.0 ml) was added slowly with stirring. The mixed solution was 

gelled in an open petridish at 50 oC for 24 h and aged at 200 oC for 2 h, and a solid film was obtained. The ionic 

liquid was extracted by refluxing the sample with ethanol in a Soxhlet extractor for 24 h. The as-made sample was 

thermally treated at 550 oC for 2 h with the heating rate of 1K∙min-1 in air, and the final sample denoted as meso-

MnNbOx.

For comparison purpose, the counterpart catalyst with the same composition as porous meso-MnNbOx was 

synthesized by a co-precipitation method.

1.2. Catalysts characterization. The microstructure of MnNbOx catalysts was conducted on a JEOL JEM LaB6 

2100 electron microscope. The phase composition and texture properties of various MnNbOx oxides were 

detected by the XRD and N2 adsorption-desorption isotherm performed on Micromeritics Tristar ‖ 3020 

porosimetry analyzer at −196 oC. The microstructure and the particle size of the MnNbOx catalysts were observed 

by FEI QUANTA 430 thermal field emission scanning electron microscope (SEM). Surface chemical valence states 

of MnNbOx oxides were investigated by X-ray photoelectron spectra (XPS) carried out on a PerkinElmer PHI-1600 

ESCA spectrometer using Al Kα anode (hν = 1253.6 eV) as X-ray source. The element content of as-prepared 

materials was determined by a Varian 715-ES inductively coupled plasma-atomic emission spectrometer (ICP-AES). 

Hydrogen (H2) temperature-programmed reduction (H2-TPR) measurements were performed on a USA Autosorb-

iQ-C chemisorption analyzer (Quantachrome). Ammonia temperature-programmed desorption (NH3-TPD) 

experiments were conducted on a USA Quantachrome apparatus. The adsorption properties of NH3 and NOx were 

probed by in-situ diffuse reflection fourier transform infrared spectroscopy (DRIFTS) on a Nicolet IS50 FT-IR 

spectrometer.

1.3. NH3-SCR of NOx test. NH3-SCR of NOx evaluations for MnNbOx catalysts were carried out on a micro 

instrument under atmospheric pressure. Prior to the measurement of NOx light-off curves, 0.20 g catalyst 

protected by quartz wool was placed into the reactor. Thereafter, the feed gas (500 ml∙min−1) consisted of 100 

ppm SO2 (when used), 5% H2O (when used), 3% O2, 500 ppm NH3, 500 ppm NO balanced with N2 were injected 

into the fixed-bed reactor and corresponding gas hourly space velocity (GHSV) of 100,000 h−1. The feed gas 

concentrations were determined by the NOx analyzer (SIGNAL4000 120 VM), and the composition of feed gases at 
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the outlet was measured by Thermo Nicolet iS-50 spectrometer. Finally, NOx conversion and N2 selectivity were 

calculated based on the following equations:
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Table S1 Textural properties of MnNbOx catalysts. 

Concentration (wt.%) bSample SBET (m2/g) V (cm3/g) D (nm) Integrated total TPD yields a

Mn Nb

meso-MnNbOx 116.0 0.37 13.7 1694.2 56.4 14.1

bulk-MnNbOx 29.9 0.10 16.2 757.7 54.3 16.2
a Obtained by TPD.
b Obtained by ICP.
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Table S2 The surface atomic concentrations of Mn, Nb, O, and the relative concentration ratios.

Catalyst surface atomic 
concentrations

relative concentration ratios

Mn Nb O Mn2+ Mn3+ Mn4+ Ra Nb4+ Nb5+ Rb Oα Oβ

meso-MnNbOx 0.21 0.6 0.73 0.17 0.62 0.21 2.95 0.22 0.78 0.28 0.69 0.31

bulk-MnNbOx 0.20 0.08 0.72 0.28 0.43 0.29 1.48 0.33 0.67 0.49 0.66 0.34
a The Ce species ratio of Mn3+/Mn4+;
b The O species ratio of Nb4+/Nb5+.



S6

Table S3 Comparison of NH3-SCR performance over meso-MnNbOx with the state-of-the-art catalysts and 
other mesoporous oxides prepared with soft- or hard-templating methods.

Catalyst Reaction Condition C (T/oC) Temperature Window (oC) Reference
meso-MnNbOx [NO] = [NH3] = 500 ppm, [O2] = 3 

vol.%, GHSV = 100,000 h−1

100% (100) 100−225 This work

Fe/TiO2 [NO] = [NH3] = 200 ppm, [O2] = 5 

vol.%, GHSV = 12,000 h−1

100% (230) 230−275 1

Mn/TiO2 [NO] = [NH3] = 1000 ppm, [O2] = 

3 vol.%, GHSV = 30,000 h−1

100% (110) − 2

MnO2 [NO] = [NH3] = 500 ppm, [O2] = 5 

vol.%, GHSV = 50,000 h−1

98% (160) 160−220 3

MnOx-CeO2/SBA-

15

[NO] = 1000 ppm, [NH3] = 1100 

ppm, [O2] = 8 vol.%, GHSV = 

10,000 h−1

90% (150) 150−275 4

MnOx-CeO2 [NO] = [NH3] = 300 ppm, [O2] = 5 

vol.%, GHSV = 120,000 h−1

90% (150) 150−240 5

meso-NiMnOx [NO] = [NH3] = 500 ppm, [O2] = 5 

vol.%, GHSV = 60,000 h−1

100% (150) 150−275 6

CuO/MnO2-mTiO2 [NO] = [NH3] = 1000 ppm, [O2] = 

5 vol.%, GHSV = 20,000 h−1

98% (160) 160−280 7

FeMnZrOx [NO] = [NH3] = 500 ppm, [O2] = 4 

vol.%, GHSV = 35,000 h−1

100% (200) 200−360 8

Sn/Cr-MnOx [NO] = [NH3] = 500 ppm, [O2] = 3 

vol.%, GHSV = 35,000 h−1

100% (150) 150−250 9

meso-MnCo2O4 [NO] = [NH3] = 500 ppm, [O2] = 3 

vol.%, GHSV = 32,000 h−1

95% (100) 100−250 10

WO3(1)-CeO2 [NO] = [NH3] = 500 ppm, [O2] = 5 

vol.%, GHSV = 30,000 h−1

100% (225) 225−350 11

CeWOx [NO] = [NH3] = 500 ppm, [O2] = 5 

vol.%, GHSV = 300,000 h−1

90% (250) 250−425 12
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Fig. S1 (a) TEM image and (b) HRTEM image of metal salt/ionic liquid precursor.



S8

0.0 0.2 0.4 0.6 0.8 1.0
0

60

120

180

240A)

0 20 40 60

 

 

dV
/d

D
 (c

m
3 g-1

n
m

-1
)

Pore Diameter (nm)

b

a

 

 
V

ol
um

e 
A

ds
or

be
d 

(c
m

3 /g
) 

Relative Pressure (P/Po)

a

b

11.8 nm

20 30 40 50 60 70

B) Mn2O3 (PDF#24-0508)

(6
22

)
(1

45
)(0
44

)

(4
13

)

(3
23

)

(4
00

)

(3
12

)

(2
22

)

(2
11

)

d

c

b

a

 

 

In
te

ns
ity

 (a
.u

.)

2Theta (degree)

Fig. S2 (A) Nitrogen adsorption-desorption isotherms and size distribution curves, and (B) XRD profile of the catalysts: (a) 
meso-MnNbOx, (b) bulk-MnNbOx (c) NbOx, and (d) Mn2O3.
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Fig. S3 SEM images of the catalysts: (a)meso-MnNbOx and (b) bulk-MnNbOx.
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Fig. S4 (A) XPS full spectra, (B) Mn 2p, (C) Nb 3d, and (D) O 1s of the catalysts: (a) meso-MnNbOx and (b) bulk-MnNbOx.



S11

0 4 8 12 16 20 24
80

82

84

86

88

 
C

O
 C

on
ve

rs
io

n 
(%

)

 

 

Reaction Time (h)

 meso-MnNbOx

Fig. S5 Stability test of meso-MnNbOx catalyst at 280 oC. Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 3 vol.%, balanced 

with N2, GHSV = 100,000 h−1.
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Fig. S6 (A) Nitrogen adsorption-desorption isotherms, and (B) XRD profile of the recovered catalysts after stability test: (a) 
meso-MnNbOx and (b) bulk-MnNbOx.
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Fig. S7 (a) TEM image and (b) HRTEM images of the recovered meso-MnNbOx catalyst after stability test.
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