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S1. Experimental details

S1. 1 Chemicals and synthesis of catalysts

The Mn(NO3)2 (50 wt. %) solution and, and Ti(SO4)2 (99.7) powders with the 

analytical grade, Sm(NO3)3·6H2O (99.99%), and Ce(NO3)2·6H2O (99.95%) were 

purchased from Aladdin Inc. PEG solution with analytical grade and NH4OH (25 wt. %) 

solution are purchased from Sinopharm Chemical Reagent Co. Ltd. All chemicals were 

used without further purification.

The catalysts were synthesized by a PEG assisted co-precipitation method already 

described 1-2. Adding PEG was proved that it could reduce the average crystallite and 

the size of nanoparticles during the co-precipitation process33-34. In a typical synthesis, 

1.75 mL Mn(NO3)2 (50 wt. %) solution was diluted in 30 mL deionized water (DIW) 

at 30 °C under stirring for 30 min. Then, 1.63 g Ce(NO3)2·6H2O, 1.67 g 

Sm(NO3)3·6H2O, and 7.2 g Ti(SO4)2 powders, were added slowly into the solution 

mentioned above. The molar ratio of Mn: Ce: Sm: Ti was kept at 1: 0.5: 0.3: 4. In the 

next step, 1.98 g PEG was added dropwise into the above-mixed solution. The mixed 

solution was stirred for one more hour. The mixed solution was dropped into the diluted 

solution (40 mL, 12.5 wt. %) of NH4OH dropwise under vigorous stirring (500 rpm) 

for 6 h. The pH was kept at ≈11 using an NH4OH solution (2 mol·min-1). The mixed 

solution was aged in a homogeneous reactor at 100 °C for 24 h to make the product 

homogeneous. The residual solid precipitate was washed by DIW for three times and 

dried in an oven at 110 °C for 12 h. The as-dried solid was calcined at 500 °C under air 

for 5 h. The as-synthesized catalyst was labeled as MnCeSmTiOx. Other synthesized 



S4

catalysts by using different metal salts were labeled as MnCeTiOx, MnSmTiOx, and 

CeSmTiOx, respectively. The MnCeTiOx and MnCeSmTiOx catalysts were used to 

study the SO2 and H2O resistance properties. These two catalysts in their already treated 

form with SO2 and H2O were labeled as MnCeTiOx-U and MnCeSmTiOx-U.

S1. 2 Catalytic testing

The evaluation of the catalytic activity was carried out on a temperature-programmed 

fixed bed reactor at a reaction gas hourly space velocity (GHSV) of 80000 h-1. 0.15 mL 

catalysts were used to investigate the NH3-SCR reaction, with the following reaction 

parameters: 500 ppm of NO, 500 ppm of NH3, 5 vol% O2, 50, 100, and 200 ppm of 

SO2, 5 vol% H2O. The balance gas was He with a total flow rate of 200 mL·min-1. The 

reaction temperature was increased from 100 to 400 °C at a rate of 10 ºC·min-1. The 

conversion of NO was recorded from 100 to 400 °C with a temperature step rate of 

20 °C. The concentrations of NO, NH3, N2O, and NO2 were tested online by a 

NICOLET IS10 FTIR spectrometer. The NO conversion and the N2 selectivity were 

calculated based on the following equations:

                      (1)XNO =  
CNO, in -  CNO, out 

CNO, in
 ×  100%

            (2)SN2 =  (1 -  
2CN2O, out +  CNO2, out

 CNO, in +  CNH3, in  -  CNO, out -  CNH3, out) ×  100%

Where XNO is the NO conversion rate of the NH3-SCR reaction. , ,  CNO, in  CNO, out

, and  are concentrations of NO and NH3 in the inlet and outlet of the  CNH3, in  CNH3, out

reactor.  and  are concentrations of N2O and NO2 in the outlet of the  CN2O, out  CNO2, out

reactor, while  refers to the selectivity of N2. SN2
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S1. 3 Kinetics experiments

Here, we calculate the reaction rate, apparent activation energy, and turnover 

frequency (TOF) of the catalysts by performing macroscopic kinetics experiments. The 

NO conversion was kept below 15% (in order to ensure that all of the catalytic active 

sites were at operational states) by tuning the mass of catalysts and gas flow rate. The 

catalysts were ground for about 10 min in an agate mortar in order to eliminate the 

effect of internal diffusion. The NH3 molecules were used as a probe to measure the 

amounts of active oxidization catalytic sites of the catalysts by the NH3-TPD-FTIR 

process. The TOF is defined by the eigenvalue equation according to the references 3,4 :

                           (3)TOF =  
r

[Ct]  

Where r is the reaction rate of the NH3-SCR reaction, [Ct] is the total concentration of 

the catalyst’s active sites of the rate-determining step. The reaction rate r can be 

calculated assuming the ideal gas behavior according to references5: 

r (mol g -1 s -1) =  GHSV (mL h -1 g -1) ×
1

3600
(h s -1) ×  

1
1000

 (L mL -1) 

×  NO vol. % 

                       (4)×  XNO ×  
1

22.4 (mol L -1)

Where, GHSV is the air velocity, XNO is the conversion of NO (%).

We can calculate the r and apparent activation energy (Ea) of the reaction by 

performing NH3-SCR reactions at different temperatures to obtain the NO conversion. 

Reaction conditions are 500 ppm NO, 500 ppm NH3, 5 vol% O2, balance Ar, and GHSV 

600,000 h−1. The outlet gases were analyzed with IR (Nicolet 6700) equipped with a 

gas cell (Harrick DRIFT) and an MCT detector. The r, Ea, and the reaction order of the 

catalysts were determined by adjusting the contents of catalysts and the flow rate to 

keep NO conversion below 15%. To eliminate the effects of internal diffusion, the 

catalysts were ground in to particles with size below 300 mesh. The results are shown 
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in Table S1.

Table S1 The measured XNO and calculated r of MnCeTiOx and MnCeSmTiOx catalysts at 
different temperatures.

MnCeTiOx MnCeSmTiOxT (ºC) XNO (%) r (10-6 mol g-1 s-1) XNO (%) r (10-6 mol g-1 s-1)
90 6.80 0.253 7.20 0.268
100 8.00 0.298 8.40 0.312
110 8.90 0.331 9.60 0.357
120 9.70 0.361 10.60 0.394
130 10.80 0.402 11.80 0.439
140 11.90 0.443 13.40 0.498
150 13.20 0.491 14.50 0.539

The r could also be expressed by the Arrhenius equation:

                           (5)r =  A e( - Ea/RT)

Where, A is the pre-exponential factor (S-1), Ea is the apparent activation energy (kJ 

mol-1). Taking the natural log of both sides of the equation (2), we get:            

                          (6)ln r =  -
Ea

RT + ln A

By plotting ln r versus 1000/T, the apparent activation energy Ea can be calculated 

from the slope.

The r could be expressed as a function of the reactant concentrations6:

                     (7)r =  k [NO]α [NH3]β [O2]χ

Where [NO], [NH3], and [O2] are the concentrations of the reactants. α, β, χ are the 

reaction orders, respectively. We carried out the NH3-SCR reaction under the condition 

of the various concentrations of NO, NH3 to determine each reaction order. Typically, 

the content of O2 is excessive, and thus the reaction order of O2 can be considered to be 

0. The logarithms of r were approximated by a straight line as follows:

ln[r] = αln[NO] + ([NH3]β) lnk                   (8)

ln[r] = βln[NH3] + ([NO]α) lnk                   (9)

  The experimental results of logarithms of r versus the concentration of NO and NH3 
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are shown in Table S2.

Table S2. The calculated logarithmic value of r of MnCeTiOx and MnCeSmTiOx catalysts at 
different 100 ºC.

NH3 (ppm) ln(Cat1) ln(Cat2) NO (ppm) ln(Cat1) ln(Cat2)
300 -15.38 -15.32 300 -15.19 -15.13
400 -15.21 -15.14 400 -15.09 -15.05
500 -15.03 -14.98 500 -15.03 -14.98
600 -14.91 -14.84 600 -14.98 -14.93
700 -14.79 -14.74 700 -14.90 -14.84

*Cat1 is MnCeTiOx, Cat2 is MnCeSmTiOx.

The calculated reaction order is 0.30 (NH3) and 0.75 (NO). The [Ct] can be 

determined by the NH3-TPD measurement. The outlet gases were analyzed with IR 

(Nicolet 6700) equipped with a gas cell (Harrick DRIFT) and an MCT detector. The 

catalysts were pretreated at 300 °C for 1 h in the Ar atmosphere before adsorbing NH3. 

When the catalyst was cooled down to room temperature (below 50 ºC), the gas was 

switched to 500 ppm NH3/Ar for 1 h. Then the gas is switched to Ar and heated to 150 

ºC by 10 ºC/min. the system was kept at 150 ºC to desorb the physical adsorbed NH3. 

When there is no NH3 detected by the FT-IR at the outlet, the system was heated to 750 

ºC by 5 ºC/min, and the outlet gas was detected online by the FT-IR. 
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S2 Supplemental data

Figure S1. XRD patterns of MnCe(0.1)TiOx, MnCe(0.3)TiOx, MnCe(0.5)TiOx and 

MnCe(0.7)TiOx catalysts.
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Figure S2. Low resolution TEM images of MnCeTiOx (a), MnSmTiOx (b), CeSmTiOx 

(c), and MnCeSmTiOx (d) catalysts. Scale bars are 50 nm.
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Figure S3. In situ DRIFTS spectra of NH3 adsorption-desorption over the (a) 

MnSmTiOx, (b) CeSmTiOx catalysts.
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Figure S4. In situ DRIFTS spectra of NO + O2 adsorption-desorption over the (a) 

MnSmTiOx, (b) CeSmTiOx catalysts.
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