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36 Text S1 Materials and methods

37 The catalyst slurry was prepared via a ball milling method. Typically, 2.5 g of the 

38 as-prepared Ru/0.1Ce-Co3O4 powder, 7.25 g of deionized water, and 0.25 g of 20 wt.% 

39 aluminum sol (Dezhou Jinghuo Technical Glass Co., Ltd.) were added together and 

40 mixed thoroughly. The resulting mixture was then transferred into a ball mill and milled 

41 for 12 h to obtain the catalyst slurry.

42 The monolithic catalyst was prepared via a coating method. Typically, cordierite 

43 support was immersed in the aforementioned catalyst slurry for 3 min. After being taken 

44 out, the excess slurry on the surface and within the pores of the cordierite support was 

45 thoroughly blown off. The coated cordierite was subsequently dried at 100 ℃ for 1 h, 

46 and finally calcined at 400 ℃ for 4 h to obtain the monolithic catalyst.

47 Text S2 Catalyst Characterization

48 The actual metal contents of catalysts were determined by Inductively Coupled 

49 Plasma Optical Emission Spectrometer technique (ICP-OES, Agilent 725 ES). N2 

50 adsorption-desorption tests were carried out using a physical adsorption analyzer 

51 (ASAP 2020 PLUS HD88, Micromeritics, USA) at a temperature of -196 ℃. The pore 

52 size distributions were calculated by Barrett–Joyner–Halenda (BJH) method. The 

53 Brunauer–Emmett–Teller (BET) model was used to analyze the surface area. X-ray 

54 diffraction (XRD) patterns were collected using a Rigaku MiniFlex600 diffractometer 

55 with Cu Kα radiation at 40 kV and 200 mA. Transmission electron microscopy (TEM, 

56 JEM-2100F, JEOL, Japan) and high-angle annular dark-field scanning transmission 

57 electron microscopy (HAADF-STEM, Themis Z, Thermo Scientific, USA) combined 

58 with energy-dispersive X-ray spectroscopy (EDS, Super-X four-detector system, 

59 Thermo Scientific, USA). Raman spectra was recorded on a confocal Raman 

60 microscope (inVia, Renishaw) with an excitation laser of 532 nm. X-ray photoelectron 

61 spectroscopy (XPS) experiments were conducted using a Thermo Fisher instrument 

62 (ESCALAB 250Xi) with Al-Kα as the radiation source. The binding energy of the 

63 carbon (C 1s) was set as 284.8 eV for calibrating the samples.

64 CO pluse chemisorption, temperature-programmed desorption of oxygen (O2-

65 TPD), temperature-programmed reduction in ethane (C2H6-TPR) and temperature-
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66 programmed surface reaction of propane (C2H6-TPSR) were carried out on a BSD-

67 Chem C200 instrument. Before the CO pluse chemisorption tests, 50 mg of sample was 

68 pretreated with He (30 mL/min) at 200 °C for 1 h. After cooling down to 50 ℃, pulse 

69 of 1 % CO balanced with He was injected to the sample and the precious metal 

70 dispersion was calculated on the basis of equation Ru/CO = 1/1 when the adsorption 

71 was complete. Before the O2-TPD tests, 50 mg of sample was preheated with He (30 

72 mL/min) at 300 ℃ for 1 h. After cooling down to 50 ℃, 10% O2/He was introduced at 

73 30 mL/min for 1h, then He was introduced at 30 mL/min for 1h, Finally, the desorption 

74 of O2 from the sample was measured by heating the sample from 50 ℃ to 700 ℃ at a 

75 ramping rate of 10 ℃/min in He (30 mL/min). Before the C2H6-TPR tests, 50 mg of 

76 sample was preheated with He (30 mL/min) at 300 ℃ for 1 h. After cooling down to 

77 50 ℃, 1000 ppm of C2H6/Ar (30 mL/min) was introduced into the reaction tube and 

78 heated to 600 ℃ at a rate of 10 ℃/min. Before the C2H6-TPSR tests, 50 mg of sample 

79 was preheated with Ar (30 mL/min) at 300 ℃ for 1 h. After cooling down to 50, 1000 

80 ppm of C2H6/Ar (30 mL/min) was introduced at 30 mL/min for 1h, then Ar was 

81 introduced at 30 mL/min for 1 h. Finally, the surface reaction was measured by heating 

82 the sample from 50 ℃ to 900 ℃ at a ramping rate of 10 °C/min in 10% O2/He (30 

83 mL/min). Record the signals generated during the C2H6-TPR and C2H6-TPSR tests via 

84 mass spectrometry (Hiden HPR-20 R&D, England).

85 In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was 

86 performed on a Bruker Tensor II spectrometer (Bruker) equipped with liquid nitrogen 

87 cooling (-196 ℃) and a high-sensitivity mercury cadmium telluride (MCT) detector. 

88 The sample was treated with nitrogen (15 mL/min) at 300 ℃ for 30 minutes and cooled 

89 to 50 ℃ to collect the background. Next, the sample was exposed to 1% CO/N2 for 60 

90 minutes. Finally, the sample was purged with N2 for 60 minutes, and then the spectrum 

91 was recorded. 

92 In-situ DRIFTS of ethane degradation was acquired using a Bruker Tensor II 

93 spectrometer (Bruker) equipped with liquid nitrogen cooling (-196 ℃) and a high-

94 sensitivity mercury cadmium telluride (MCT) detector. The sample was pretreated in 

95 air at 300 ℃ for 1 h, then cooled to 50 ℃. After purging with N2 for 30 minutes, a 
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96 background spectrum was collected under N2. Following background acquisition at 

97 each temperature point, a gas mixture of 800 ppm C2H6/N2 (total flow rate: 30 mL/min) 

98 was introduced into the chamber, and spectra were recorded simultaneously. The 

99 relevant tests are conducted by altering temperature and gas composition, with spectra 

100 recorded at each temperature point. DRIFT spectra were sequentially acquired by 

101 accumulating 64 scans at a spectral resolution of 4 cm-1. 

102 Text S3 Catalytic Activity Evaluation

103 The conversion rate of ethane (X) and the yield of CO₂ (Y) are evaluated through 

104 the following equations: 

105  
X =

cin - cout

cin
× 100%

106 where  and  were ethane concentration before the reaction and after oxidation, 𝑐𝑖𝑛 𝑐𝑜𝑢𝑡

107 respectively. 

108  
Y =

cCO2

cin
× 100%

109 where  was the concentration of CO2 at various reaction temperature points.
𝑐𝐶𝑂2

110 The kinetic experiments were conducted under conditions of ethane conversion 

111 <20% with a gas hourly space velocity (GHSV) of 120000 mL/(g·h). The first-order 

112 kinetic equation is expressed as: 

113 𝑙𝑛𝑟=−𝐸𝑎/𝑅𝑇+𝐵

114 where r was reaction rate (mmol/(g·s)), calculated from ethane conversion, gas flow 

115 rate, and catalyst mass. Ea was apparent activation energy (kJ/mol), determined from 

116 the linear relationship between 1000/T and ln r. 

117 The long-term stability experiment was tested at 260 ℃ for 60 hours. And the 

118 water resistance test was conducted at 320 ℃ and 220 ℃ for 36 hours in the presence 

119 of 10 vol.% water vapor.

120
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121

122 Fig. S1 Ethane conversion of different (a) Ru contents of Ru/Co3O4 and (b) Ce contents 

123 of Ru/xCe-Co3O4. 
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126 Fig. S2 CO2 yield of Ru/CeO2, Ru/Co3O4 and Ru/0.1Ce-Co3O4.
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129 Fig. S3 Water resistance test of Ru/0.1Ce-Co3O4 in the presence of 10 vol.% H2O.
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132 Fig. S4 Stability test of high temperature shock on Ru/Co3O4 and Ru/0.1Ce-Co3O4 for 

133 ethane oxidation.
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136 Fig. S5 SO2-tolerant tests on Ru/Co3O4 and Ru/0.1Ce-Co3O4 for ethane oxidation.
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140 Fig. S6 Catalytic oxidation activity of VOCs on monolithic catalysts (VOCs of 800 

141 ppm and GHSV of 12000 h-1).
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143

144 Fig. S7 N2 adsorption−desorption curve and pore diameter distribution of (a) Co3O4. 

145 (b) 0.1Ce-Co3O4. (c) Ru/Co3O4 and (d) Ru/0.1Ce-Co3O4.

146
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148 Fig. S8 CO pulse patterns of Ru/Co3O4 and Ru/0.1Ce-Co3O4.
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151 Fig. S9 The Co−O bond force constant (k) of CoO6 in Co3O4, 0.1Ce-Co3O4, Ru/Co3O4 

152 and Ru/0.1Ce-Co3O4.

153 The strength of the Co-O bond was further calculated according to Hooke's law1 

154
𝜔=

1
2𝜋𝑐

∙
𝑘
𝜇

155 Where k is the force constant of the Co-O bond, the more likely the Co−O bond will 

156 break. ω is the Raman shift (cm-1), c is light velocity, and μ is effective mass.
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158 Fig S10. O 1s XPS spectra of Ru/Co3O4 and Ru/0.1Ce-Co3O4.
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160 Table S1 Catalytic activity for ethane oxidation over various catalysts

161

Catalysts Gas feed composition
WHSV

(mL·gcat
-1·h-1)

T90 (℃) Refs.

Ru/0.1Ce-Co3O4 1000ppm C2H6+21% O2/N2 30000 260
This 

work

NiCo2O4-TM 3000ppm C2H6+11% O2/N2 48000 311 2

Fe2O3-S 2500 ppm C2H6+21% O2/N2 12000 415 3

MnCoOx-0.5 3000ppm C2H6+11% O2/N2 60000 220 4

Pt/CZ11 1000ppm C2H6+21% O2/N2 50000 308 5

LMO@CMO-10 1000mg/m3 C2H6+21% O2/N2 80000 341 6

2%Pd/γ-Al2O3 10000ppm C2H6+10% O2/He 187500 450 7

Au/CoOx 5000ppm C2H6+21% O2/N2 15000 230 8

2Pd0.5Pt/Al2O3 800ppm C2H6+21% O2/N2 100000 425 9

La0.7Bi0.3Mn0.5Co0.5O3 2000ppm C2H6+21% O2/N2 12000 718 10

Pt-Nb/ZrO2 0.3%C2H6+2%O2+ 97.7%N2 20000 280 11

Pt/Ce0.01Ti0.99O2 1000ppm C2H6+4% O2/N2 60000 370 12

La0.7Sr0.3Mn1-xCoxO3 6% CO+0.2% C2H6+20% O2/Ar 12000 380 13

Ce0.5Mn1 500ppm C2H6+5% O2/N2 40000 320 14
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162 Table S2 Physical properties of catalysts.

163 a Calculated from the cobalt (220), (311), and (400) planes based on the Scherrer 

164 equation.

165 b Surface area by the Brunauer-Emmett-Teller (BET) method.

166 c Total pore volumes of P/P0 = 0.95.

167 d Average pore diameter (4 V/A).

168 Table S3 The results of XPS analysis.

Sample Oads:Olatt Ru0:Ru (%) Run+:Ru (%) Ru4+:Ru (%)

Ru/Co3O4 0.34 17.24 57.47 25.29

Ru/0.1 Ce-Co3O4 0.39 27.61 61.35 11.04

169

Sample
Da

(nm)
SBET

 b (m2/g) Vtotal
c (cm3/g) Dpore

d (nm)
Ru content

(wt%)

Ce:Co

Metal molar ratio

Co3O4 21.0 26.60 0.13 20.39 / /

0.1CeCo 8.0 76.71 0.17 8.34 / 0.11:1

Ru/Co3O4 20.3 48.12 0.20 17.55 0.49 /

Ru/0.1Ce-Co3O4 7.5 107.32 0.22 8.28 0.48 0.10:1
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