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Table S1 POM activities of oxide catalysts at 600°C. Reaction conditions: 100 mg of catalyst, 25% CHy, 12.5% O,,
N, balance (CH4/O; ratio of 2.0), total flow rate of 20 mL/min, total pressure of 1 atm, and contact time of 5.0 x 1073

geat min mL7L

Conversion (%) Selectivity (%) Yield (%)

CH4 0, cO H ¢ €O, HO CO H, C CO, HO
MgO 0.7 0.0 78.0 480 00 220 520 06 03 00 02 03
BaO 0.0 00 00 159 0.0 1000 84.1 00 0.1 0.0 0.0 0.6
Sc,05 30.2 87.6 353 339 38 608 622 103 9.7 1.1 178 177
Y,05 14.2 417 463 338 33 504 626 69 48 05 75 88
TiO, 5.9 135 742 252 00 258 748 37 1.0 00 13 3.0
710, 29.0 782 474 413 03 523 584 14.0 124 0.1 155 175
YSZ 154 38.6 628 404 00 371 536 100 75 0.0 6.0 75
HfO, 8.9 264 440 167 0.0 560 833 3.8 1.3 00 48 6.2
V,0;5 1.0 00 874 00 00 126 1000 10 0.0 00 0.1 04
Nb,Os 0.0 00 00 00 0.0 1000 1000 0.0 0.0 00 0.1 0.1
Ta,0s 27.2 98.5 355 39 00 645 961 94 1.0 00 17.1 24.6
MoO; 0.0 00 00 00 0.0 1000 1000 0.0 0.0 00 0.0 0.1
WO; 0.3 00 00 00 0.0 1000 1000 0.0 0.0 00 02 0.1
MnO, 25.1 1000 0.0 0.0 0.0 100.0 100.0 0.0 0.0 0.0 24.8 258
Fe,0; 24.8 1000 0.0 0.8 0.0 100.0 992 0.0 0.2 0.0 245 257
C0304 24.1 1000 00 0.0 0.0 100.0 1000 0.0 0.0 0.0 242 25.0
ZnO 10.2 414 00 7.7 07 993 915 00 08 0.1 105 9.2
Al,O4 2.2 6.5 725 350 00 275 650 21 0.7 00 0.8 1.4
Ga,0; 19.8 742 203 21 20 777 960 39 04 04 150 189
Si0, 0.0 00 00 00 0.0 1000 1000 0.0 00 00 02 03
GeO, 0.4 00 00 00 0.0 1000 1000 0.0 0.0 00 0.1 0.1
SnO, 24.6 1000 00 0.0 0.0 100.0 1000 0.0 0.0 0.0 239 25.1
La,05 8.4 26.1 358 400 1.8 624 581 33 34 02 58 49
CeO, 25.0 1000 1.8 52 00 982 948 04 1.3 0.0 244 24.1
PrsOy, 22.6 909 00 15 20 980 965 0.0 04 05 221 222
Nd,O; 21.9 70.1 153 281 56 790 663 34 63 12 173 14.8
Sm,0; 13.9 412 337 334 35 628 630 48 46 05 89 86
Eu,0; 333 98.5 124 158 191 685 665 40 56 63 224 235
Gd,04 26.0 748 261 275 11.6 623 613 68 7.5 3.1 163 167
Dy,03 15.1 432 359 381 32 609 585 55 56 05 94 8.7
Yb,03 20.6 56.1 442 338 6.6 492 595 92 69 14 102 122
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Figure S1 XPS spectra of ZrO,-based catalysts.
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Figure S2 NH;-TPD profiles of ZrO,-based catalysts.
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Figure S3 CO,-TPD profiles of ZrO,-based catalysts.
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Figure S4 (a) CO, yield, (b) H,O yield, and (c) C2 yield over ZrO,-based catalysts as functions of temperature. (d)

CO; selectivity, (e) H,O selectivity, and (f) C, selectivity with CH4 conversion in POM over ZrO,-based catalysts.

The dotted-line curves show the 10%, 20%, and 30% product yields. Reaction conditions: 100 mg of catalyst, 25%

CHy, 12.5% O,, N, balance (CH4/O, ratio of 2.0), total flow rate of 20 mL/min, total pressure of 1 atm, and contact

time of 5.0 x

1073 geo min mL™!,
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Figure S5 Variation in temperature of catalyst bed against set temperature for POM over ZrO,-based catalysts.
Reaction conditions: 100 mg of catalyst, 25% CHy, 12.5% O,, N, balance (CH4/O, ratio of 2.0), total flow rate of 20

mL/min, total pressure of 1 atm, and contact time of 5.0 x 1073 g, min mL™".
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Figure S6 CH, conversion in noncatalytic POM as function of temperature. Reaction conditions: 25% CHy, 12.5%

0,, N, balance (CH4/O; ratio of 2.0), total flow rate of 20 mL/min, total pressure of 1 atm, and contact time of 5.0 x
1073 g min mL71,
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Figure S7 Time on steam of (a) CH4 and O, conversion, (b) product yield, and (c) product selectivity in POM over
71O, catalyst. Reaction conditions: 100 mg of catalyst, 25% CHy, 12.5% O,, N, balance (CH4/O, ratio of 2.0), total

flow rate of 20 mL/min, total pressure of 1 atm, contact time of 5.0 x 1073 g, min mL!, and temperature of 600°C.
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Figure S8 Dependence of product selectivity and CH, oxidation rate on contact time in POM over ZrO, catalyst.
Reaction conditions: 10 mg of ZrO, catalyst, 30% CHy, 15% O,, N; balance (CH4/O; ratio of 2.0), total flow rate of

~27 mL/min, total pressure of 1 atm, and temperature of 600°C.
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Figure S9 Arrhenius plots of CH,4 oxidation rate of ZrO,-based catalysts for POM. Reaction conditions: 25% CH,,
12.5% O,, N, balance (CH4/O, ratio of 2.0), total flow rate of 20 mL/min, and total pressure of 1 atm.



Table S2 Vibrational frequencies of reaction intermediates species on ZrO,-based catalysts.

Wavenumber (cm™')  Species Vibrational mode Reference
38002500 H,0 (adsorbed water) v(OH) 1.2
3780-3760 Terminal OH (t-OH) V(OH) 38
3740-3730 Bridged OH (b-OH) V(OH) 67
3680-3660 Multicoordinated OH (m-OH) v(OH) 38
3630-3620 Monodentate bicarbonate (HCO3;— v(OH) 3689
)
3014 CHy (gas) vo(CH) 10
2965-2955 Bidentate formate (b-HCOO-) vo(OCO) + v,(OCO) 3-5.7-12
and 8(CH) + v,(OCO)
2885-2870 Bidentate formate (b-HCOO-) v(CH) 3-5.7-12
1640-1600 Monodentate  bicarbonate (m- v,(OCO) 3,689
HCO4-)
Bridged carbonate (br-CO3-) v,(0OCO) ?
1590-1550 Bidentate formate (b-HCOO-) v,(0CO) 3-59-12
Bidentate carbonate (b-CO3-) v,(0CO) 38
1470-1430 Monodentate  bicarbonate (m- vy(OCO) 369
HCO;s-)
Terminal CH30- (t-CH30-) 3(CH) 4,3,10,13,14
Polydentate carbonate (p-CO3-) v,(0OCO) 12
1400-1320 Bidentate formate (b-HCOO-) 8(CH) and v{(OCO) 3-5,7-12
Polydentate carbonate (p-CO3-) v,(0OCO) 12
Bidentate carbonate (b-CO3-) v(OCO) 38
Bridged carbonate (br-CO3-) v(OCO) ?
1304 CH (gas) 5(CH) 10
1150-1130 Terminal CH;O— (t-CH;O-) v(CO) 45.10,13,14
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Figure S10 In situ DRIFTS spectra of ZrO, catalyst in Ar flow after POM.
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Figure S11 In situ DRIFTS spectra of ZrO; catalyst in 25% CH4/N, flow.
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Figure S12 In situ DRIFTS spectra of La(2)/ZrO; catalyst in Ar flow after POM.
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Figure S13 In situ DRIFTS spectra of ZrO,-based catalysts during POM: (a) W(1)/ZrO,, (b) W(2)/ZrO,, (c)
W(5)/ZrO,, and (d) La(2)/ZrO,. Reaction conditions: 25% CHy, 12.5% O,, N, balance (CH,4/O, ratio of 2.0), total

flow rate of 40 mL/min, and total pressure of 1 atm.
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DFT setting and modeling of ZrO, catalyst

To model the ZrO, catalyst, we considered its monoclinic phase and (111) surfaces which were energetically
stable. A 2 x 2 x 1 monoclinic (_11 1) ZrO, surface containing Zr,sO9 Was constructed, as shown in Figure S14. A
vacuum spacing of 16 A was added along the c axis, which was large enough to prevent interactions between each
surface model along the axis. Using the monoclinic ZrO, model, we optimized the atomic configurations of the local
minima and transition states during methane activation. In supercell calculations, Brillouin zone sampling was
restricted to the I' point, and energies were converged at a 1.0 x 1073 eV tolerance. To identify the transition states,
we adopted the CI-NEB method using four intermediate images. The local minima and transition states in methane
activation were optimized by fixing the lattice parameters in the surface supercell, fully relaxing the positions of the
atoms contained in an upper layer, and fixing those of the atoms in the bottom layer (inside the red rectangle in Figure
S14). The optimization was deemed to have converged when the maximum forces on all atoms were less than 0.05

eV/A.

(a) unitcell of monoclinic ZrO,  (b) monoclinic (111) ZrO, surface

(i) top-view (ii) side-view -
r a=93.0017
B =88.3238
y=63.7704°
>
-
<L
M~
M~
o
"
~N
a= 517597A  a=90.0000°
b= 526051A §=90.5407
c= 5.35757A y=90.0000°
13.609 A
Fixed atom
positions

Figure S14 (a) Unit cell of studied monoclinic ZrO, and (b) its surface. The Zr atoms labeled I, III, and IV were
coordinated by six oxygen atoms, and the Zr atom labeled II was coordinated by seven oxygen atoms. Accordingly,
coordinatively unsaturated Zr atoms, labeled I, 111, and IV, enabled the binding of H,O molecules in the atmosphere

to the Zr atoms, thus generating HO-attached ZrO, surfaces with oxygen monovacancies.
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Table S3 Geometric changes in methane before and after its interaction with oxygen-deficient ZrO, surface, obtained

via PBE DFT calculations.

Methane Methane bound to oxygen-deficient ZrO, surface
B[C-H(a)] ¢ 1.096 1.100
B[C-H(b)] 1.096 1.099
B[C-H(c)] ¢ 1.096 1.096
B[C-H(d)] 1.096 1.094
A[H(b)-C-H(a)]? 109.5 112.5
A[H(b)-C-H(d)]® 109.5 109.2
A[H(b)-C-H(c)]? 109.5 108.4
A[H(a)-C-H(d)]? 109.5 108.7
A[H(a)-C-H(c)]? 109.5 107.6
A[H(d)-C-H(c)]? 109.5 110.4

« B indicates the bond lengths (A) between the atoms in the parentheses.

b 4 indicates the angles (°) between the atoms in the parentheses.
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