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1. Catalyst Characterizations

1.1. X-ray powder diffraction (XRD)

XRD was performed on a Panalytical X’Pert Pro diffractometer using Cu-Kα 

radiation source. The data were collected from 10 to 90° with a scanning speed of 

5°/min at room temperature. Crystal size was calculated as Scherrer equation: 

, where λ, β and θ denoted the X-ray wavelength (nm), full wave at half 
𝐷=

0.89𝜆
𝛽𝑐𝑜𝑠𝜃

maximum and diffraction angle, respectively.

1.2. Raman

Raman spectra was measured on a Horiba LabRAM HR Evolution Raman 

Spectrometer under ambient condition using a laser with a wavelength of 532 nm. The 

spectra were recorded using a scan number from 100 to 800 cm−1.

1.3. N2 adsorption-desorption measurements

Before analysis, the samples were degassed at 300 °C for 8 h. Nitrogen adsorption 

and desorption isotherms of substrates and catalysts were obtained at -196 ºC. The 

surface area and the total pore volume of the samples were calculated using the 

Brunauer-Emmett-Teller (BET) method in a relative pressure range of 0.05-0.25 and 

the adsorption quantity at a relative pressure of P/P0 = 1.0, respectively. 

1.4. X-ray photoelectron spectroscopy (XPS)

XPS was conducted on a Thermo Scientific K-Alpha spectrometer using a 
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monochromatic Al Kα radiation (hν= 1486.6 eV), at a take-off angle of 0°. The 

survey scan spectra, Co 2p, and O 1s core level spectra were recorded at a pass energy 

of 30 eV. Correction of the charge effect was made with the C1s peak at 284.8 eV.

1.5. Electron paramagnetic resonance (EPR)

EPR spectra was obtained on an electron paramagnetic resonance spectrometer 

(Bruker, E500) at room temperature.

1.6. Temperature-programmed experiments

Temperature-programmed experiments was carried out on the BJBUILDER PCA1200 

Chemisorbent Analyzer equipment using the thermal conductivity detector (TCD) as a 

detector. 

For H2-TPR, 0.05 g sample was firstly pretreated at 300 °C for 1 h with a pure 

Ar flow (30 mL/min), and then cooled to 50 °C. 10 vol% H2/Ar with a flow rate of 30 

mL/min as the reducing gas was introduced and the reactor was heated from 50 °C to 

700 °C with a rate of 10 °C/min.

For O2-TPD, 0.1g sample was pretreated by pure Ar (30 mL/min) at 400 °C for 

30 min and then the sample was treated with pure O2 for 30 min and cool down to 50 

°C in pure Ar. After that, sample was heated from 50 to 950 °C with a rate of 10 

°C/min.

For Ar-TPD, 0.1g sample was pretreated by pure Ar or 2 vol% CH4 (30 mL/min) 

at 300 °C for 30 min and then the sample was cooling down to 50 °C in pure Ar. After 
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that, sample was heated from 50 to 950 °C with a rate of 10 °C/min.

For CH4-TPR, 0.1g sample was pretreated at 200 °C for 1 h with a pure Ar flow 

(30 mL/min), and then cooled to 50 °C. 10 vol% CH4/Ar with a flow rate of 30 

mL/min as the reducing gas was introduced and the reactor was heated from 50 °C to 

550 °C with a rate of 10 °C/min.

1.7. In-situ diffuse reflectance infrared Fourier transform spectroscopy (in situ 

DRIFTS)

In-situ DRIFTS measurements were collected with a Nicolet Nexus spectrometer 

equipped with a liquid nitrogen-cooled MCT detector. The catalyst was pretreated in 

N2 (50 mL/min) at 200 °C for 30 min and then cooled to 50 °C. Next, the flow gas 

was switched to 1 vol% CH4 and 99 vol% N2 and the spectra were recorded from 50 

to 400 °C. Then 20 vol% O2 was introduced into the system and the spectra were 

recorded from 1 to 25 min at 400 °C.
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2. Figures and Tables

Figure S1. CH4 conversion (reaction condition: 1 vol% CH4, 20 vol% O2 and 79 vol% 

N2, WHSV= 30,000 mL·g-1·h-1) of Co3O4, Co3O4-0.1 and Co3O4-C catalysts.

Figure S2. Relationship between etching conditions and catalyst activity as well as 

specific surface area.
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Figure S3. Cycling test results of Co3O4-0.1 catalyst for 5 times (reaction condition: 1 

vol% CH4, 20 vol% O2 and N2 as a balance gas, WHSV= 30,000 mL·g-1·h-1).

Figure S4. Long-term testing of Co3O4-0.1 catalyst (reaction condition: 1 vol% CH4, 

20 vol% O2 and 79 vol% N2, WHSV= 30,000 mL·g-1·h-1) of Co3O4, Co3O4-0.1 and 

Co3O4-C catalysts.
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Figure S5. TEM images of (a) Co3O4, (b) Co3O4-0.05, (c) Co3O4-0.1 and (d) Co3O4-

0.3 catalysts.

Figure S6. Lattice defect regions (marked with red dotted lines) of (a) Co3O4-0.05, (b) 

Co3O4-0.1 and (c) Co3O4-0.3 catalyst.
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Figure S7. Relationship between etching conditions and catalyst activity as well as 

strength of Co-O bonds.

Figure S8. XRD spectra of Co3O4-0.1 catalyst before and after the long-term test.
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Figure S9. Raman spectra of Co3O4-0.1 catalyst before and after the long-term test.

Figure S10. XPS full spectra of all catalysts.
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Figure S11. H2, CO and H2O signals from CH4-TPR of Co3O4 and Co3O4-0.1 

catalysts.

Figure S12. O2-TPD profiles of all catalysts.
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Table S1. Performance comparison with other catalysts for CH4 oxidation.

Catalysts T90(℃) Reaction condition Ref.

Co3O4-r 385
1 vol% CH4 and 99 vol% air, SV = 

30,000 mL g-1 h -1
[1]

Co3O4-9.0 413
0.5 vol% CH4, 8 O2 vol% and balanced 

with N2, SV = 18,000 mL g-1 h -1
[2]

La0.85Ce0.15CoO3 486
0.5 vol% CH4, 8 O2 vol% and balanced 

with N2, SV = 30,000 mL g-1 h -1
[3]

Co3O4/H-ZSM-5 409
1 vol% CH4 and 99 vol% air, SV = 

20,000 mL g-1 h -1
[4]

Co3O4/La2O2CO3/LaCoO3 476
1 vol% CH4 and 99 vol% air, SV = 

15,000 mL g-1 h -1
[5]

5 wt% La-Co3O4 661
2 vol% CH4 and 98 vol% air, SV = 

6,000 mL g-1 h -1
[6]

1 wt% Pd/Co3O4 361
1 vol% CH4,20 O2 vol% and balanced 

with N2, SV = 30,000 mL g-1 h -1
[7]

Co3O4-0.1 345
1 vol% CH4, 20 vol% O2 in N2, SV = 

30,000 mL g-1 h -1
This 

work

Table S2. Physical and chemical properties of prepared Co3O4 catalysts.

Sample

Crystal 

size a

(nm)

Surface 

area b

(m2 g-1)

Pore 

diameter c

(nm)

Co3+/Co2+ d

(%)

Oads/Olatt d

(%)

Co3O4 23.8 21.3 9.5 2.04 0.34

Co3O4-0.05 11.1 69.3 2.2 2.5 0.39

Co3O4-0.1 11.2 81.7 33.0 2.63 0.42

Co3O4-0.3 11.0 86.1 33.2 2.17 0.5

a Crystal size obtained from the results of XRD;
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b Calculated by BET method;

c Calculated by BJH method;

d Calculated based on XPS results.
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