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1. The N2 selectivity of α-r and α-r-M (M=Fe, Co, Ce Cu) catalysts

 

Fig. S1 N2 selectivity of α-r and α-r-M (M=Fe, Co, Ce, Cu) catalysts.

Reaction conditions: [NH3]=500 ppm, [NO]=500 ppm, [CO]=5000 ppm, [O2]=5%, balanced N2

2. Activity evaluation and byproduct distribution of NH3-SCO over α-r-Cu catalyst

Fig. S2 Activity evaluation (a) and byproduct distribution (b) of NH3-SCO over the α-r-Cu 

catalyst. Reaction conditions: [NH3]=500 ppm, [O2]=5%, balanced N2.

NH3 was almost completely transformed, and N2 selectivity reached 62.5% at 

225°C.
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3. Activity evaluation and byproduct distribution of CO-SCR over α-r-Cu catalyst

Fig. S3 Activity evaluation (a) and byproduct distribution (b) of CO-SCR over α-r-Cu catalyst. 

Reaction conditions: [CO]=5000 ppm, [NO]=500 ppm, [O2]=5%, balanced N2.

NO could not be completely converted over the whole temperature range, and the 

selectivity decreased with temperature, while CO conversion reached 100% at 175°C. 

In addition, the consumed NO was almost completely transformed into NO2, indicating 

that under oxygen-rich conditions, CO and O2 reacted completely to generate CO2, and 

NO reacted with O2 to generate NO2. 

4. Comparison of total byproducts on α-r-Cu catalyst

  

Fig. S4 Comparison of the sum of the byproducts of the SCR reaction and the SCO reaction with 

the total byproducts of the reaction in all gas atmosphere over the α-r-Cu catalyst. Reaction 

conditions: [NH3]=500 ppm, [NO]=500 ppm, [CO]=5000 ppm, [O2]=5%, balanced N2.



5. The SEM and EDS images of α-r, α-r-Fe, α-r-Co, α-r-Ce and α-r-Cu catalysts

Fig. 

5S

Fig. S5 SEM images of the α-r (a), α-r-Fe (b), α-r-Co (c), α-r-Ce (d) and α-r-Cu (e) catalysts 
and EDS images of α-r-Fe (b-1), α-r-Co (c-1), α-r-Ce (d-1) and α-r-Cu (e-1) catalysts



6. The BJH pore size distribution of α-r and α-r-M (M=Fe, Co, Ce, Cu) catalysts

Fig. S6 The BJH pore size distribution of α-r and α-r-M (M=Fe, Co, Ce, Cu) catalysts.

7. The initial H2 consumption rate of α-r and α-r-M (M=Fe, Co, Ce, Cu) catalysts

Fig. S7 The initial H2 consumption rate of α-r and α-r-M (M=Fe, Co, Ce, Cu) catalysts.



8. Individual adsorption and desorption of NH3, NO and CO

 

 
Fig. S8 In situ DRIFT spectra of NH(a), NO+O(c), CO(e) adsorption at 50°C and NH(b), 

NO+O(d), CO (f) desorption from 50-300℃ over the α-r-Cu catalyst. 

Reaction conditions: [NH3]=1000 ppm, [NO]=1000 ppm, [CO]=5000 ppm, [O2]=5%, balanced N2

The adsorption and desorption behaviors of NH, NO + O and CO on the α-r-Cu 

catalyst were investigated by in situ DRIFT spectroscopy. In situ DRIFT spectra of 



NH absorption and desorption are shown in Fig. S8a and Fig. S8b, and the peak 

attribution is concluded in Table S3. It has been reported that ionic NH4
+ and 

coordination NH can participate in the SCR process by reacting with NO adsorbed 

species to form active intermediates 1. The intensity of all the peaks increases with time. 

Under N purging at 50°C, the peaks of NH at 1736 and 1692 cm-1 and the peaks at 

966 and 930 cm-1 gradually disappeared, indicating that the two peaks belong to the 

peaks of symmetric stretching vibration and gaseous NH. The intensity of all peaks 

decreased significantly with increasing temperature. The peak at 1626 cm-1 was 

obviously weakened under N2 purge at 50°C, and disappeared when the temperature 

rose to 100°C, reflecting that the peak is asymmetric bending vibration peaks of gaseous 

and physical adsorbed state NH belonging to L acid. The symmetrical bending 

vibration peaks of NH3 and weak chemisorbed NH3 at 1176-1130 cm-1 gradually 

disappeared under N2 purge, and the peaks disappeared when the temperature rose to 

150°C. When the temperature rose to 200°C, the peak of coordinated NH3 on the Lewis 

acid sites at 1605 cm-1 gradually disappeared. These peaks are mainly weak acid sites 

according to Fig. 5c. When the temperature rose to 300°C, NH4
+ on Brønsted acid sitess 

at 1405 and 1369 cm-1 gradually disappeared. Meanwhile, only L acid and a small 

amount of B acid remained when the temperature rose to 300°C. As a result, the 

coordinated NH3 on Lewis acid sitess is much more stable than NH4
+ ions on Brønsted 

acid sitess at high temperatures. 

In situ DRIFT spectra of NO + O2 absorption and desorption at different 

temperatures of the α-r-Cu catalyst are shown in Fig. S8c and Fig. S8d. With increasing 

NO + O2 penetration time, the α-r-Cu catalyst gradually exhibited thirteen peaks at 

1903, 1854, 1882, 1768, 1629, 1598, 1435, 1392, 1360, 1144, 1103, 1050 and 833 cm-1 

(Table S4). Under N2 purge at 50°C, the bending vibration peaks of gaseous and 

physically adsorbed NO at 1903 and 1854 cm-1 gradually disappeared, while the 

asymmetric bending vibration peaks of gaseous and physically adsorbed NO2 at 1629 

and 1598 cm-1 decreased significantly and disappeared when increased to 100°C. In 

addition, the stretching vibration peaks of dinitrosyl species at 1882 and 1768 cm-1 

decreased significantly with increasing temperature. When the temperature increased 



to 100°C, the intensity of bidentate nitrate at 1360 cm-1 decreased and blueshifted at 

200°C. This result indicated that nitrosyl and nitrite species are easily decomposed by 

heat. When the temperature was raised to 300°C, the peak of monodentate nitrite at 

1435 cm-1 decreased and disappeared significantly, and the asymmetric stretching 

vibration peak of trans-(N2O2)2- at 1103 cm-1 was redshifted and significantly enhanced, 

indicating that high temperature was beneficial to the formation of the species. 

Furthermore, the peak intensity of monodentate nitrate at 1392 cm-1 began to increase 

at 200°C, and redshifted to 1375 cm-1
, indicating that monodentate nitrate began to be 

decomposed at 200°C. Combined with NO-TPD, it can be seen that the intermediate 

species adsorbed by NO + O2 mainly existed in the form of nitrate.

In situ DRIFT spectra of CO absorption and desorption at different temperatures 

of the α-r-Cu catalyst are shown in Fig. S8e, S8f and Table S5. Under N2 purging at 

50°C, the bending vibration peaks of gaseous and physical adsorbed CO at 2173 and 

2116 cm-1 gradually disappeared. The intensity of the asymmetric and symmetric 

stretching vibration peaks of HCO3
- at 1628 and 1417cm-1 gradually decreased with 

increasing temperature and almost disappeared at 200°C, indicating that HCO3
- species 

are easily decomposed by heat. When the temperature rose to 100°C, the asymmetric 

stretching vibration peak of unidentate carbonate at 1475 cm-1 appeared, reflecting that 

HCO3
- species decomposed to produce the carbonate species. Meanwhile, the stretching 

vibration peak of bidentate carbonate at 1320 cm-1 disappeared, and unidentate 

carbonate at 1348 cm-1 gradually increased, indicating that bidentate carbonate 

decomposes into unidentate carbonate with increasing temperature. 

 



Table S1 The integral area of O2-TPD over α-r-M (M=Fe, Co, Ce, Cu) catalysts

Material Area of Peak Ⅰ Area of Peak Ⅱ
(a.u.)

Area of Peak Ⅲ
(a.u.)

Total oxygen 
storage (a.u.)

α-r / 2.628E-9 1.005E-9 3.633E-9

α-r-Fe / 2.800E-9 4.009E-10 3.201E-9

α-r-Co / 2.637E-9 9.878E-10 3.625E-9

α-r-Ce / 2.941E-9 2.072E-10 3.148E-9

α-r-Cu / 2.926E-9 8.217E-10 3.748E-9

Table S2 The integral area of NH3-TPD over α-r and α-r-M (M=Fe, Co, Ce, Cu) 

catalysts

Material Area of 
Peak Ⅰ 
(a.u.)

Area of 
Peak Ⅱ 
(a.u.)

Area of 
Peak Ⅲ 
(a.u.)

Total
(a.u.)

Area of Peak 
Ⅰ + Ⅲ (a.u.)

α-r 11 19 135 165 146

α-r-Fe 21 38 179 238 200

α-r-Co 20 24 163 207 183

α-r-Ce 34 63 128 225 162

α-r-Cu 15 23 216 254 231



Table S3 Data related to infrared study of NH3 adsorption

Wavenumber/cm-1 Attribution judgment Reference

3332, 3154, 3044 N—H stretching vibration peak of 

coordinate NH3

2

1736, 1692 Symmetric stretching vibration peak of 
NH3

1626
Asymmetric bending vibration peaks of 
gaseous and physically adsorbed NH3 on 

Lewis acid 

1605, 1195
Asymmetric and symmetric N—H 

bending vibration peak peak of coordinate 
NH3 on Lewis acid

3, 4 

1595 Asymmetric bending vibration peaks of 
NH3 coordination on Lewis acid

5, 6

1405, 1369 Symmetric bending vibration peaks of 
NH4

+ on Brønsted acid 3, 7

1578-1443
Bending vibration peaks of —NH2 and 

N—H
2, 8

1346-1320 Wagging bending vibration peak of —

NH2 on N2H4

8

1250
Symmetric N—H stretching vibration 

peak peak of coordinate NH3 on Lewis 
acid

3, 9

1176-1130 Symmetric bending vibrations of NH3 and 
weakly chemisorbed NH3

10

1130—990 Wagging bending vibration peak of NH3



966, 930 Gaseous NH3 peak

Table S4 Data related to infrared study of NO adsorption

Wavenumber/cm-1 Attribution judgment Reference

1903, 1854
Bending vibration peaks 

of gaseous and physically 
adsorbed NO

1882, 1768 Stretching vibration peak 
of dinitrosyl species 11

1629, 1598

Asymmetric bending 
vibration peaks of 

gaseous and physically 
adsorbed NO2

12

1435
Stretching vibration peak 
of N=O in monodentate 

nitrite

1392 Stretching vibration peak 
of monodentate nitrate 13

1360 Stretching vibration peak 
of bidentate nitrate 14

1144 Stretching vibration peak 
of nitrite

1103
Asymmetric Stretching 
vibration peaks of trans-

(N2O2)2-
15

1050
Bending vibration peaks 

of surface nitro 
compounds

3

833 Stable nitrate or nitrite



Table S5 Data related to infrared study of CO adsorption

Wavenumber/cm-1 Attribution judgment Reference

3222 —OH

2173, 2116
Bending vibration peaks 

of gaseous and 
physically adsorbed CO

1628, 1417
Asymmetric and 

symmetric stretching 
vibration peak of HCO3

-

16

1475, 1348

Asymmetric stretching 
vibration and symmetric 

stretching vibration peaks 
of unidentate carbonate

16

1320 Stretching vibration peaks 
of bidentate carbonate 17

1250 Stretching vibration peaks 
of carbonate 18

1168 Stretching vibration peaks 
of bridge carbonate

1116, 1056 Peaks of carbonate and 
inorganic carboxylate 19

In Fig. 7a, the bending vibration peaks of gaseous and physically adsorbed NO at 

1903 and 1854 cm-1 and the asymmetric bending vibration peaks of gaseous and 

physically adsorbed NO2 at 1629 and 1598cm-1 gradually disappeared. With the 

introduction of NH3, the asymmetric bending vibration peaks of gaseous and 

physically adsorbed NH3 on L acid at 1626 cm-1 gradually appeared, and the peak of 

coordinate NH3 on L acid at 1250 cm-1 gradually increased.



In Fig. 7b, the bending vibration peaks of gaseous and physically adsorbed NO at 

1903 and 1854 cm-1 gradually appeared, while the stretching vibration peak of the 

dinitrosyl species at 1768 cm-1 did not appear, and the asymmetric bending vibration 

peaks of the gaseous and physically adsorbed NO2 at 1629 and 1598 cm-1 were 

significantly enhanced.

In Fig. 8b, after NO + O2 was introduced, the asymmetric stretching vibration 

peaks of Mn-COO formate at 1588 and 1562 cm-1 gradually disappeared, and the 

stretching vibration peak of bridge carbonate at 1168 cm-1 disappeared. The 

symmetrical stretching vibration peak of inorganic carboxylate at 1056 cm-1 

disappeared, and the peaks of gaseous and physically adsorbed CO at 2173 and 2116 

cm-1 gradually disappeared
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