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Catalyst synthesis and characterization

Table S1 gives the amounts and sources of the metal precursors used in the catalyst preparation.

Fig. S1 shows the X-ray diffraction patterns of the synthesized catalysts after calcination. The

lack of oxide peaks indicate that the supported oxides are well dispersed.

Table S1. Quantities of materials used in sample preparation.

Catalyst SiO, Metal source Amount
/g / mmol
VO,/SiO; 10 NH4VO35? 1.1
Cr0O,/Si0, 10 Cr(NOs)3-9H,0 1.1
MnO,/SiO; 10 Mn(NOs3),-6H,0 1.1
NbOX/SIOZ 10 Nb(HCzO4)5XHzo 1.1
Mo0,/SiO; 10 (NH4)sM07024-4H,0 0.15
WO,/SiO> 10 (NH4)sW1203-9H,0 0.088

a0xalic acid (C2H204:2H20, 2.11 mmol) was added to prepare the precursor solution
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Fig. S1. X-ray diffraction patterns of supported metal oxides.
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Fig. S2. Oxygen and NO conversion during methane oxidation using NO+O; mixture as the
oxidant on (a) CrOx/SiOz, (b) NbOy/SiO2, (¢) M0oOy/SiO2, and (d) WO/SiO,. Conditions: 0.5 g
of catalyst, CH4:NO:Ox:inert = 20:1:1:78, 0.1 MPa, 6000 L kg™ h'! space velocity.

Fig. S1 shows the conversion of the oxygen-containing species O2 and NO during CH4 oxidation
as a function of temperature for various oxides. The trends are similar. The NO conversion is
close to 100% while the O2 conversion is close to 50% as expected for almost quantitative
reaction of the NO and the 1:1 ratio of NO to O2. A small amount of O is utilized for the
conversion of CHs. There is no N> formation, indicating that the source of oxygen in methane

oxidation is ultimately O».



Table S2. Summary of catalytic methane partial oxidation at low temperatures (< 400 °C)

@ SV = Space velocity L kgcat'h! ® X= Conversion, ¢ S, = Oxygenate selectivity, ¢ TOF =
Turnover frequency

Turnover frequency was calculated by:

Productivity (umol/gcat S)

TOF (mol/molg,; s) = (1

Surface site concentration (umol/gca¢)
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Catalyst |+ | p | CHgOxidant: | SVe/h! | Xou,® | So¢ Pmd“‘mlv‘ty TH?CE Ref
°oC | atm H,O:inert Lkg'h! % % gt‘:tﬂ‘t’l_l ol |
Fe-ZSM-5 300 1 1:0.1(N20):0:3.9 3600 0.2 14 19 1.5%10 1
(MeOH) (MeOH) (MeOH)
4.6 7 5.4x10°
(DME) (DME) (DME)
Fe-ZSM-5 300 1 1:0.1(N20):0:3.9 5000 3.6 1.9 19 5.6x10° 2
(MeOH) (MeOH) (MeOH)
H-Cu-SSZ-13 | 300 1 1:1(N20):0.1:1.2 24000 0.75 23 55 3.1x107° 3
(MeOH) (MeOH) (MeOH)
0.1 1.1 6.1x107
(HCHO) (HCHO) (HCHO)
FePO4 400 1 1:1(N20):0:1 7200 0.87 35 300 1.7x1073 4
(MeOH) (MeOH) (MeOH)
23 200 1.1x1073
(HCHO) (HCHO) (HCHO)
34 300 1.7x103
(DME) (DME) (DME)
FePO4 400 1 1:1:0:0 3600 10.7 15.7 2200 5.3x1073 5
(MeOH) (MeOH) (MeOH)
FeOq4 400 1 1:1(N20):0:0 3600 6.9 41.5 3800 1.2x1072 5
(MeOH) (MeOH) (MeOH)
FePO4/MCM- | 400 1 1:1(N20):0:1 18000 0.98 24 570 3.1x10°% 4
41 (MeOH) (MeOH) (MeOH)
48 1200 2.4x107
(HCHO) (HCHO) (HCHO)
25 600 3.2x107
(DME) (DME) (DME)
Fe 280 1 | 1:0.4(N20):0:0.07 12000 0.93 20 610 2.9x10 6
/Ferrierite (MeOH) (MeOH) (MeOH)
28 870 4.1x107
(DME) (DME) (DME)
FeCu/ZSM-5 50 | 20 | 1:0.025(H202/H; 410 0.5 92 76 3.9x10¢ 7
0 (MeOH) (MeOH) (MeOH)
Li/MgO 377 1 | 1:0.5(02):0.009(0 | 360000 4.0 90 60000 0.3 8
3):8.4 (HCHO) (HCHO)
Pt/Y203 350 1 | 1:0.05(02):0.05(N 6000 0.54 11 110 1.1x10* 9
0):3.9 (DME) (DME) (DME)
VOx/Si02 400 1 1:0.15:0.05:3.9 6000 0.28 33 91 (HCHO) | 3.8 x10* | This
(HCHO) (HCHO) | work
MoOx/S102 400 1 1:0.15:0.05:3.9 6000 0.10 86 38 (HCHO) | 1.1 x10* | This
(HCHO) (HCHO) | work
WOx/SiO2 400 1 1:0.15:0.05:3.9 6000 0.10 72 31 (HCHO) | 9.5 x10” | This
(HCHO) (HCHO) | work




Rescaled figure showing infrared results for NO + Oz adsorption and reaction with CHa.
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Fig. S3. In situ FTIR spectroscopy results for the reaction of adsorbed NOy species on (a)
VOy/Si02 and (b) MnO,/SiO> with CH4 at 400 °C at an extended scale. Conditions: (1) under He
after flow of NO:02:He = 1:1:98 (68 umol s!), (2) under flow of 10% CH4 in He (34 umol s)
for 30 min, (3) under He after flow of CHa, (4) under flow of CH4:NO:O2:He = 10:1:1:88 (68
umol s!) for 30 min, and (5) under He after the CH4+NO+O»+He reaction.



Figure showing deconvolution of the doublet bands due to adsorbed NOx-.
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Fig. S4 Deconvolution of the doublet for the monodentate nitrate for the conditions of Fig. S2.
The peaks were fitted between 1200 and 1600 cm''.



Table S3. Areas of deconvoluted spectra

Spectra No. VOx/Si0O; (Area) MnOy/Si0; (Area)
1389 cm’! 1363 cm’! 1399 cm’! 1356 cm’!
5 57.6+ 1.1 404+1.0 45.8+0.9 40.1 +£0.8
4 67.9 +1.1 427+1.0 56.8 +£0.9 41.7+0.8
3 484+ 1.2 33.7+1.1 7.1+£0.5 28.6+1.1
2 475+1.2 341+1.1 7.5+0.5 31.0+0.7
1 552 +1.1 393+1.0 444 +1.0 38.4+0.9

The deconvoluted spectra show that for the MnO,/SiO; catalyst for the 1399 cm! high
wavenumber peak there is a substantial decrease in the integrated area in going from NOx in He
(Area = 44.4) to NOy in CH4 (Area = 7.5), indicating that the NO» is reacting with CHs. The
decrease in area for the peak is 83% while that for the 1356 cm™! low wavenumber peak is 20%.
For the VO/Si0z catalyst the corresponding decreases in area of the high and low wavenumber
peaks are 14% and 13%, so there appears to be no preferential use of either NO: species in
partial oxidation.

The differences are more clearly visualized in Fig. S4, which shows areas of
deconvoluted peaks of the monodentate nitrates. The deconvolution results are shown in Fig. S3
and Table S2. The reaction of monodentate nitrate species on the metal oxides with CHy is
evident from the appreciable decrease of the areas (closed symbols) upon the introduction of CHa
(order No. 1 vs. order Nos. 1 and 2). The decrease was more pronounced on MnO,/SiO»,
consistent with the higher reactivity of methane discussed earlier. The areas were restored after
reintroduction of the NO+O2 mixture and purging with He (order No. 5), confirming the
consumption of the nitrates during the CH4 exposure. However, there was an increase in the
areas of the nitrates during the flow of 10% CH4, 1% NO and 1% O in He (order No. 4), likely

due to contributions from weakly adsorbed species.
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Fig. S5. Deconvoluted areas of monodentate nitrate species at 1389 cm™ and 1363 cm™! on
VO«/SiOz (a) and at1399 cm™ and 1356 cm™ on MnOx/SiO> (a) for the conditions of Fig. 10.
Order of measurement: (1) under He after flow of NO:O,:He = 1:1:98 (68 umol s!), (2) under
flow of 10% CH4 in He (34 umol s) for 30 min, (3) under He after flow of CHs, (4) under flow

of CH4:NO:0O2:He = 10:1:1:88 (68 pmol s™) for 30 min, and (5) under He after the

CH4+NO+O,+He reaction.
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