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Figure S1 Time courses of (a) CH;0H and (b) CO, production in the CH4/O,/H,O reaction over
various Cu zeolites including Cu2.0-MOR10 (red circles), Cu2.3-MOR15 (blue circles), Cul.4-
BEA20 (pink squares), Cul.1-FAUS8 (yellow diamonds), Cu3.3-MFI12 (green triangles), Cul.5-
MFI19 (purple triangles), and H-MOR10 (black circles). CH4/O,/H,O reaction conditions: catalyst 50
mg, 300 °C, CHy (48 mL min™!) + O, (2 mL min!) + N, (50 mL min™') + water vapour (H,O(g); 0.5
g h™"). (¢) Time courses of CH;0H (circles), CO (triangles) and CO, (squares) production in the
CH4/O, reaction (red) and CH4/H,O(g) reaction (blue) over Cu2.0-MOR10. CH4/O, reaction
conditions: catalyst 50 mg, 300 °C, CH; (48 mL min™") + O, (2 mL min") + N, (60 mL min™").
CH4/H,O(g) reaction conditions: catalyst 50 mg, 300 °C, CH4 (48 mL min!) + N, (52 mL min™!) +
H,0(g) (0.5 gh™).
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Figure S2 In-situ Cu K-edge XANES spectra of Cu2.0-MOR10 obtained according to Scheme S1.
XANES spectra measured before (grey) and after O, pretreatment (black) and after exposure to gas
flow conditions (1) (red), (2) (blue) and (3) (green).



Scheme S1 Experimental procedure for control in-situ XAFS spectral measurements.

02 50 mL min™ at 550 °C (pretreatment)

l
Cool to 300 °C

l
He 50 mL min™’

!
CH4 50 mL min™
l
He 100 mL min™, H20(g)

l
022 mL min”, CHs 48 mL min™, He 50 mL min™, H20(g)
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Figure S3 In-situ Cu K-edge XANES spectra of Cu2.0-MORI10 obtained according to Scheme S2.
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Figure S4 Comparison of the XANES spectra after dry CH,4 (red), wet He (blue) and CH4/O,/H,0 gas

treatment (green) according to Scheme S2.
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Figure S5 In-situ Cu K-edge XANES spectra of Cul.1-FAUS8 obtained according to Scheme S1.
XANES spectra before (grey) and after O, pretreatment (black) and those obtained under the gas flow
conditions (1) Cul.1-FAUS (red), (2) (blue) and (3) (green).
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Figure S6 In-situ Cu K-edge XANES spectra of Cu2.3-MOR15 obtained according to Scheme S1.
XANES spectra measured before (grey) and after O, pretreatment (black) and during exposure to gas
flow conditions (1) (red), (2) (blue) and (3) (green).
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Figure S7 In-situ Cu K-edge FT EXAFS spectra of Cu2.0-MOR10 obtained according to Scheme S1.
The EXAFS oscillations are shown in Figure S16(a). FT range: k= 3-10 A.
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Figure S8 In-situ Cu K-edge FT EXAFS spectra of Cu2.0-MOR10 obtained according to Scheme S2.
FT range: k= 3-10 A.
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Figure S9 In-situ Cu K-edge FT EXAFS spectra of Cul.1-FAUS8 obtained according to Scheme S1.
The EXAFS oscillations are shown in Figure S16(b). FT range: k= 3-9.3 A.
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Figure S10 In-situ Cu K-edge FT EXAFS spectra of Cu2.3-MOR15 obtained according to Scheme
S1. The EXAFS oscillations are shown in Figure S16(c). FT range: k= 3-10 A.

S12



Scheme S2 Experimental procedure for different control in-situ XAFS spectral measurements.

02 50 mL min™ at 550 °C (pretreatment)

l
Cool to 300 °C

!
He 50 mL min™

|
He 50 mL min™", H20(g)
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Figure S11 In-situ Cu K-edge (a) XANES and (b) FT EXAFS spectra of Cu2.0-MOR10 obtained
according to Scheme S3. FT range: k= 3-10 A.
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Table S1. Structural parameters of Cu zeolite catalysts evaluated by the curve fitting analysis of in situ EXAFS spectra. @]

B CNB Rl CN D) R CN bl R
Catalyst  Conditions  (¢y.0)  (Cu-0) (Cu-Al) (Cu-Al)  (Cu-Cu) (Cu-Cu) Eo o214

Pretreated  3.6(9)  1.932)  1.1(6) 2.66(6)  0.2(7) 2.93(21)  8990.2(6)  0.0080(35)  0.0059

R factor

Cu20 1) 3.82) 1.942)  07(4)  2.67(6)  0.6(5) 297(6)  8989.8(4)  0.0091(25)  0.0027
-MORIO ) 375 1.95(1)  0.8(3)  2.68(5)  0.5(4) 2.99(6)  8989.9(3)  0.0086(21)  0.0021
3) 37(6)  1.94(1)  07(3)  2.686)  0.5(4) 2986)  8989.8(3)  0.0092(22)  0.0021
Pretreated  2.3(8)  1.92(2) 0.1(3)  2.55(36)  0.7(4) 291(5)  8988.2(35)  0.0044(43)  0.0111
Cul 1 (1) 24(7)  1.922)  023)  254(12)  0.5(4) 293(5)  8988.1(29)  0.0045(36)  0.0084
FAUS (9 26(6) 1.922)  0.12) 24715  0.703) 2903)  8987.9(23)  0.0061(31)  0.0041
3) 224)  1.92(1)  03Q2)  2516)  0.6() 292(3)  8988.4(20)  0.0043(26)  0.0043
Pretreated  3.4(11)  1.923) 0.7(8)  2.68099)  0.3(9) 2.89(15)  8990.0(8)  0.0089(43)  0.0073
cur3 (1) 3.68) 1932)  056)  27110)  0.5(7) 2.948)  8989.8(6)  0.0097(32)  0.0039
-MORIS 9y 37(8) 1.93(2)  0.5(6)  2.69(10)  0.6(7) 294(7)  8989.8(6)  0.0095(32)  0.0040
(3) 34(7)  1942)  0.6(5  2728)  0.3(6) 2.94(10)  8989.9(5)  0.0092(29)  0.0034
Q2010 WetHe 3.6(3)  1.95(1)  082)  2.693)  05(3) 2.99(3)  8989.9(2)  0.0091(13)  0.0007

[a] FT range: 3-10 A-! for Cu2.0-MOR10 and Cu2.3-MORI15; 3-9.3 A-! for Cul.1-FAUS. Curve fitting range: 1.0-3.0 A. The number of independent points
Ning = 2(Fmax - kmin)(Rmax - Rmin)/7) is larger than the number of structural parameters used for the analysis in this study where identical £, and ¢ are assumed
or the three scatterings of Cu-O, Cu-Al, and Cu-Cu. ] Coordination number. [¢! Atomic distance. 4 Debye-Waller factor.
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Figure S12. Variation of CN(Cu-Al) and CN(Cu-Cu) of Cu2.0-MOR10 (red circle), Cul.1-FAUS8
(green square), and Cu2.3-MOR15 (blue triangle) with the gas flow conditions.
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Figure S13. Absorption-normalized in-situ DRIFT spectra obtained for (a) Cu2.0-MORI10, (b) Cu2.3-
MORI15 and (c¢) Cul.1-FAUS under gas flow conditions (1) (red line), (2) (blue line) and (3) (green
line). (d) DRIFT spectra of Cu2.0-MOR10 measured under (4) CH4/O, after (3). Spectra in (a)—(d)
were normalised by the intensity of the band related to the vibration/rotation of CH4, which was
determined by subtracting the intensity at 2937 cm™! at the end of gas flow conditions (2) from that of

(D).
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Figure S14. Variation of normalize IR adsorption intensity at 1458 cm™! of (a) Cu2.0-MORI10 (red
circles), (b) Cul.1-FAUS (blue triangles) and (c¢) Cu2.3-MOR15 (green squares) under the flow
conditions (1) to (4).
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Figure S15. Schematic diagram of catalytic reaction and product analysis system used in this study.

(a) Optical system for XAFS-DRIFT spectral measurement
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(b) In-situ cell for XAFS-DRIFT spectral measurement
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Figure S16. Photographs and schematics of the (a) optical system and (b) in-situ cell for the in-situ
XAFS and DRIFT spectral measurements at BLO1B1 of SPring-8.
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Figure S17. EXAFS oscillations corresponding to Figure S7, S9, and S10.
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