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Figure S1. XRD patterns of TiO2 and Au/TiO2. 

 

Figure S2. TEM images for TiO2 supported Au-based catalysts. (a) Au/TiO2-A. (b) Au/TiO2-P25. (c) Au/TiO2-R. 
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Figure S3. Au 4f XPS spectra of Au/TiO2, Au/TiO2-A, Au/TiO2-P25, and Au/TiO2-R. 

 
Figure S4. XRD patterns of ZSM-5 and Fe/ZSM-5. 
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Figure S5. HAADF-STEM characterizations of Fe/ZSM-5-imp. (a) and (b) HAADF-STEM images of Fe/ZSM-5-imp. 

 

Figure S6. Fe 2p XPS spectra of Fe/ZSM-5 and Fe/ZSM-5-imp. 

Table S1. ICP-AES results of all the samples. 

Entry Catalyst Metal Loading (wt%) 
Au Fe 

1 Au/TiO2 1.7 / 
2 Au/TiO2-A 1.6 / 
3 Au/TiO2-P25 1.7 / 
4 Au/TiO2-R 1.6 / 
5 Fe/ZSM-5 / 1.0 
6 Fe/ZSM-5-imp / 1.0 

Table S2. The deconvolution result of UV-Vis spectra of ZSM-5, Fe/ZSM-5, and Fe/ZSM-5-imp. 

Catalyst Percentage of Fe species (%) 
MT Fe3+ MO Fe3+ FexOy Fe2O3 

ZSM-5 64.6 35.4 0 0 
Fe/ZSM-5 49.8 12.9 22.5 14.8 

Fe/ZSM-5-imp 29.5 11.8 17.5 41.2 
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Figure S7. XAS measurements of Fe foil, Fe2O3, Fe/ZSM-5, and Fe/ZSM-5-imp. (a) Normalized Fe K-edge 
XANES spectra. (b) k3-weighted Fe K-edge EXAFS spectra. 

 

Figure S8. H2O2 synthesis over Au/TiO2 and Fe/ZSM-5. The reaction was conducted over 15 mg of the catalyst 
with mechanical stirring (1000 rpm) in 15 mL of H2O under 40 bar of CO, 6 bar of O2, and 15 bar of N2 at 30 °C 
for 1 h. 

Table S3. EXAFS fitting results of Fe foil and Fe-containing samples. CN refers to the coordination number. R 
refers to the bond length. σ2 refers to the Debye-Waller factor. ΔE0 refers to the inner potential correction to account 
for the difference in the inner potential between the sample and the reference compound. R-factor refers to the 
goodness of fit. 

Sample Shell CN R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 

Fe foil Fe-Fe 8 2.48 - - - Fe-Fe 6 2.86 

Fe/ZSM-5 Fe-O 5.3 ± 0.3 2.04 ± 0.01 0.007 1.7 ± 1.3 0.016 Fe-Fe 0.4 ± 0.7 3.06 ± 0.13 0.010 1.7 ± 1.3 

Fe/ZSM-5-imp Fe-O 5.7 ± 0.8 2.01 ± 0.02 0.011 −0.6 ± 1.6 0.016 Fe-Fe 1.7 ± 0.6 3.03 ± 0.06 0.010 1.3 ± 6.9 
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Figure S9. Standard calibration curves for oxygenates quantification. (a) CH3OH. (b) HCOOH. (c) CH3COOH. 
(d) HOCH2OH. 

 

Figure S10. (a) and (b) Typical 1H NMR and UV-Vis spectra. 

Table S4. Adjusting the mass loading of Fe/ZSM-5 (0~100 mg) while maintaining a fixed Au/TiO2 (15 mg) on 
methane oxidation. The reaction was conducted over Au/TiO2 + Fe/ZSM-5 with mechanical stirring (1000 rpm) in 
15 mL of H2O under 15 bar of CH4, 40 bar of CO, and 6 bar of O2 at 30 °C for 6 h. 

Mass of Fe/ZSM-5 (mg) Products (μmol gcat−1) CH3COOH  
Selectivity (%) CH3COOH HCOOH HOCH2OH CH3OH Total 

0 0 0 0 0 0 0 
15 55.6 0 14.1 19.9 89.6 62.1 
30 58.2 21.2 11.1 19.9 110.4 52.7 
60 60.3 25.5 11.5 19.9 117.2 51.5 
100 66.3 24.9 9.7 7.8 108.7 61.0 
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Figure S11. Methane oxidation with H2O2 in the presence of CO over Au/TiO2 and Fe/ZSM-5. The reaction was 
conducted over 50 mg of the catalyst with mechanical stirring (1000 rpm) in 15 mL of H2O containing 1500 μmol 
of H2O2 under 15 bar of CH4, 40 bar of CO, and 6 bar of N2 at 30 °C for 1 h. 

 

Figure S12. Methane oxidation with H2O2 as the oxidant over Au/TiO2. (a) Remaining H2O2 after reaction. (b) 
Amount of produced oxygenates. The reaction was conducted over 50 mg of Au/TiO2 with mechanical stirring 
(1000 rpm) in 15 mL of H2O containing 50~500 μmol of H2O2 under 15 bar of CH4 and 46 bar of N2 at 30 °C for 1 h. 

Table S5. Adjusting the mass loading of Au/TiO2 (0~80 mg) while maintaining a fixed Fe/ZSM-5 (100 mg) on 
methane oxidation. The reaction was conducted over Au/TiO2 + Fe/ZSM-5 with mechanical stirring (1000 rpm) in 
15 mL of H2O under 15 bar of CH4, 40 bar of CO, and 6 bar of O2 at 30 °C for 6 h. 

Mass of Au/TiO2 (mg) Products (μmol gcat−1) CH3COOH 
Selectivity (%) CH3COOH HCOOH HOCH2OH CH3OH Total 

0 0 0 0 0 0 0 
6 29.0 16.6 18.2 2.8 66.6 43.5 

15 66.3 24.9 9.7 7.8 108.7 61.0 
30 65.9 22.0 5.2 13.8 106.9 61.6 
50 55.6 19.1 3.0 8.0 85.7 64.9 
80 34.4 10.6 2.5 5.0 52.5 65.5 
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Table S6. Mass ratio effect of the Au/TiO2 to Fe/ZSM-5 on methane oxidation. The reaction was conducted over 
a total catalyst mass of 150 mg with mechanical stirring (1000 rpm) in 15 mL of H2O under 15 bar of CH4, 40 bar 
of CO, and 6 bar of O2 at 30 °C for 6 h. 

Mass ratio of  
Au/TiO2 to Fe/ZSM-5 

Products (μmol gcat−1) CH3COOH  
Selectivity (%) CH3COOH HCOOH HOCH2OH CH3OH Total 

1/4 54.2 31.8 4.8 12.0 102.8 52.7 
1/2 55.6 19.1 3.0 8.0 85.7 64.9 
1/1 35.7 0 2.1 8.0 45.8 77.9 
2/1 17.2 0 2.0 4.0 23.2 74.1 
4/1 10.6 0 1.9 2.0 14.5 73.1 

Table S7. Comparison of methane oxidation with O2/H2O2 as the oxidants in the presence of CO at low temperatures. 

Entry  Catalyst Gas T [oC] CH3COOH Yield 
[μmol gcat

−1 h−1] 
CH3COOH in 

Liquid [%] 
TOFFe 
[h−1] Reference  

1 Au/TiO2 + Fe/ZSM-5 CH4 + CO + O2 

30 9.3 64.9 0.08 

This work 40 25.5 67.6 0.21 
50 49.1 87.6 0.41 
60 68.8 95.9 0.58 

2 Rh/ZSM-5 CH4 + CO + O2 
25 0 0 / [1] 50 0 0 / 

3 Au-Fe/ZSM-5 CH4 + CO + O2 
60 36.7 80.3 0.41 [2] 80 366.7 85.0 4.11 

4 Rh/TiO2 + CuCl2 CH4 + CO + O2 100 0.0 0.0 / [3] 

5 Rh-Fe/MoS2 CH4 + CO + O2 
25 26.2 90.3 0.05 [4] 80 105.6 95.6 0.18 

6 As-prepared Ir CH4 + CO + O2 110 500.0 N.A. / [5] 

7 Fe-BN/ZSM-5 CH4 + CO + H2O2 
30 101.8 66.0 1.90 [6] 50 200.4 57.0 3.74 

8 Fe/ZSM-5 CH4 + CO + H2O2 50 12000.0 63.2 537.76 [7] 
9 Ni-ZSM-5 CH4 + CO + H2O2 50 292.0 88.9 / [8] 
10 Pd1/ZSM-5 CH4 + CO + H2O2 25 968.0 78.2 / [9] 

 

Figure S13. (a) Catalytic performance and (b) remaining H2O2 amount over M/TiO2 (M= Au, Pd, Pt, Cu) and 
Fe/ZSM-5. The reaction was conducted over a total catalyst mass of 150 mg with mechanical stirring (1000 rpm) 
in 15 mL of H2O under 15 bar of CH4, 40 bar of CO, and 6 bar of O2 at 30 °C for 6 h. 

Table S8. CO partial pressure-dependent product yields over Au/TiO2 + Fe/ZSM-5 under a standard condition 
except for CO partial pressure. The reaction was conducted over 150 mg of Au/TiO2 + Fe/ZSM-5 with mechanical 
stirring (1000 rpm) in 15 mL of H2O under 61 bar containing 15 bar of CH4, 0~40 bar of CO, 6 bar of O2, and N2 
as a balanced gas at 30 °C for 6 h. 

CO Partial Pressure (bar) Products (μmol gcat−1) CH3COOH Selectivity (%) CH3COOH HCOOH HOCH2OH CH3OH Total 
0 0 0 0 0 0 0 
6 9.5 51.0 7.9 12.0 80.4 11.8 

10 22.5 82.8 6.7 15.9 127.9 17.6 
20 39.7 44.6 6.0 13.9 104.2 38.1 
30 52.9 25.5 4.3 13.9 96.6 54.8 
40 55.6 19.1 3.0 8.0 85.7 64.9 
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Figure S14. CH4 partial pressure-dependent product yields over Au/TiO2 + Fe/ZSM-5 under a standard condition 
except for CH4 partial pressure. The reaction was conducted over 150 mg of Au/TiO2 + Fe/ZSM-5 with mechanical 
stirring (1000 rpm) in 15 mL of H2O under 61 bar containing 3~15 bar of CH4, 40 bar of CO, 6 bar of O2, and N2 
as a balanced gas at 30 °C for 6 h. 

 

Figure S15. Time-dependent product yields over Au/TiO2 + Fe/ZSM-5 under a standard condition except for the 
reaction time. The reaction was conducted over 150 mg of Au/TiO2 + Fe/ZSM-5 with mechanical stirring (1000 rpm) 
in 15 mL of H2O under 15 bar of CH4, 40 bar of CO, and 6 bar of O2 at 30 °C for 1~6 h. 
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Table S9. CH4 partial pressure-dependent product yields over Au/TiO2 + Fe/ZSM-5 under a standard condition 
except for CH4 partial pressure. The reaction was conducted over 150 mg of Au/TiO2 + Fe/ZSM-5 with mechanical 
stirring (1000 rpm) in 15 mL of H2O under 61 bar containing 3~15 bar of CH4, 40 bar of CO, 6 bar of O2, and N2 
as a balanced gas at 30 °C for 6 h. 

CH4 Partial Pressure (bar) Products (μmol gcat−1) CH3COOH Selectivity 
(%) CH3COOH HCOOH HOCH2OH CH3OH Total 

3 11.1 0 0.2 2.0 13.3 83.5 
6 25.1 0 1.9 4.0 31.0 81.0 

10 42.3 6.4 2.2 8.0 58.9 71.8 
15 55.6 19.1 3.0 8.0 85.7 64.9 

Table S10. Time-dependent product yields over Au/TiO2 + Fe/ZSM-5 under a standard condition except for the 
reaction time. The reaction was conducted over 150 mg of Au/TiO2 + Fe/ZSM-5 with mechanical stirring (1000 rpm) 
in 15 mL of H2O under 15 bar of CH4, 40 bar of CO, and 6 bar of O2 at 30 °C for 1~6 h. 

Reaction Time (h) Products (μmol gcat−1) CH3COOH in Liquid (%) CH3COOH HCOOH HOCH2OH CH3OH Total 
1 9.5 0 0 2.0 11.5 82.6 
2 15.9 0 0.5 4.0 20.4 77.9 
4 38.1 12.7 1.6 4.0 56.4 67.6 
6 55.6 19.1 3.0 8.0 85.7 64.9 

 

Figure S16. (a) TEM image and (b) Particle size distribution of Au nanoparticles for physically mixed Au/TiO2 
with Fe/ZSM-5 after fourth in situ cycles. (c) Au 4f XPS spectra for fresh and spent Au/TiO2. (d) Fe 3d XPS spectra 
for fresh and spent Fe/ZSM-5. 

Table S11. ICP-AES analysis after methane oxidation under standard reaction conditions. 

Entry Au in Catalyst (mg) Au in Liquid (mg) Fe in Catalyst (mg) Fe in Liquid (mg) 
1 0.26 0.00045 0.15 0.000075 
2 0.51 0.00021 1 0.000045 
3 0.85 0.00023 1 0.000015 
4 1.36 0.00024 1 0.000015 
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Figure S17. 1H NMR spectrum for the isotopic labeling experiments. The reaction was conducted over 150 mg of 
Au/TiO2 + Fe/ZSM-5 with mechanical stirring (1000 rpm) in 15 mL of H2O under 8 bar of CH4 (or 8 bar of 13CH4), 
8 bar of CO (or 8 bar of 13CO), and 4 bar of O2 at 30 °C for 6 h. 

 

Figure S18. Effect of pH on catalytic performance under standard reaction conditions. HNO3 and NaOH were used 
to adjust the pH value of the system. 
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Figure S19. Effect of solvent on catalytic performance over 50 mg of Au/TiO2 and 100 mg of Fe/ZSM-5 under 
standard reaction conditions. 

 

Figure S20. Methane oxidation with H2O2 in the presence of CO over Fe/ZSM-5. The reaction was conducted over 
100 mg of Fe/ZSM-5 with mechanical stirring (1000 rpm) in 15 mL of H2O containing 1.5~50 μmol of H2O2 under 
15 bar of CH4, 40 bar of CO, and 6 bar of N2 at 30 °C for 1 h. 
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