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Supplementary Note 1: Catalyst Preparation
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]Pt/SiO2 and Pt/TiO2 were prepared using the same impregnation and thermal-treatment procedure as that used for Pt/CeO2, with commercial SiO2 or TiO2 replacing CeO2 as the support. For each catalyst, an aqueous H2PtCl6 solution was used as the Pt precursor, and the amount of H2PtCl6 was adjusted to give a nominal Pt loading of 1.0 wt.%. The Pt precursor solution was added to the corresponding support and thoroughly mixed to ensure uniform contact between the precursor and the support particles. The resulting precursor-containing material was then dried under vacuum at 80°C, calcined at 500°C, and finally reduced under 10 vol.% H2/Ar at 300°C for 2 h. 
[bookmark: OLE_LINK153]The Pt-Cu/CeO2 control catalyst was prepared by a co-impregnation method using aqueous H2PtCl6 and Cu(NO3)2 as the Pt and Cu precursors, respectively. The amounts of the two precursor solutions were adjusted to achieve nominal loadings of 1.0 wt.% Pt and 1.0 wt.% Cu. The H2PtCl6 and Cu(NO3)2 solutions were simultaneously introduced to commercial CeO2 and thoroughly mixed to ensure homogeneous distribution of both metal precursors over the support. The resulting slurry was dried under vacuum at 80°C and subsequently calcined at 500°C. Prior to catalytic evaluation, the calcined sample was reduced under 10 vol.% H2/Ar at 300°C for 2 h. The resulting Pt-Cu/CeO2 catalyst was used as the fully heterogeneous control for comparison with the Pt/CeO2–aqueous Cu tandem system.


Supplementary Note 2: Catalyst Characterization
[bookmark: _Toc221749204]N2 adsorption and desorption isotherms were measured at 77 K using a BSD-660M instrument. Before the measurements, samples were degassed at 200 °C under a vacuum of 10−3 Pa for 4 h to remove adsorbed impurities. The specific surface area was calculated using the Brunauer-Emmett-Teller method based on adsorption data within the relative pressure range from 0.05 to 1.0. The pore volume and pore size distribution were determined by analyzing the desorption branch with the Barrett-Joyner-Halenda model. 
Crystal structures were examined using a Mini Flex 600 diffractometer with a Cu Kα radiation source operated at 40 kV and 15 mA. Diffraction patterns were collected from 10 to 80 degrees with a step size of 0.02 degrees and a scanning speed of 5 degrees per minute. 
[bookmark: OLE_LINK154]The morphology and elemental distribution of the catalysts were analyzed using scanning electron microscopy and transmission electron microscopy. Surface features were observed on a JEOL JSM-7800F field emission scanning electron microscope at an accelerating voltage of 5 kV. Powder samples were fixed on aluminum stages with conductive carbon tape and imaged using the secondary electron mode to evaluate particle size and surface characteristics. Detailed microstructural and elemental analysis was performed on a Talos F200X field emission transmission electron microscope at 200 kV. Samples were dispersed in ethanol and deposited onto copper or molybdenum grids. High-resolution TEM imaging was used to resolve the lattice fringes of the CeO2 support and the structure of the Pt nanoparticles. Elemental mapping and point analysis were conducted using energy-dispersive X-ray spectroscopy to visualize the distribution of Pt, Ce, O and Cu. Pt particle-size distributions were obtained by measuring individual nanoparticles from TEM images using ImageJ software. Particle diameters were determined from multiple independent TEM regions, and the results are reported as the mean particle size ± standard deviation.
[bookmark: OLE_LINK21]Surface chemical states were characterized by X-ray photoelectron spectroscopy (XPS) using a KRATOS Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hv = 1486.6 eV). All measurements were conducted under an ultra-high vacuum with a base pressure of 9.8×10-10 Torr in the analysis chamber. Survey scans were acquired with an accelerating voltage of 15 kV, a filament current of 5 mA, and a pass energy of 160 eV. High-resolution spectra of Pt 4f, Cu 2p, and C 1s were recorded using 15 kV, 10 mA, and a pass energy of 40 eV. The step size (0.05 or 0.1 eV) and dwell time (100-300 ms) were adjusted according to signal intensity, and 5-10 cycles were accumulated to enhance the signal-to-noise ratio. Binding energies were referenced to the C 1s peak at 284.80 eV for charge correction, with an accuracy of ±0.1 eV. Data processing was performed using CasaXPS software. Semi-quantitative surface elemental compositions were obtained from the XPS survey spectra using the quantitative analysis function in CasaXPS. A Shirley background was subtracted from the Pt 4f spectrum. The spectrum was deconvoluted into three doublets corresponding to Pt0, Pt2+, and Pt4+. For each doublet, the spin‑orbit splitting between Pt 4f7/2 and Pt 4f5/2 was fixed at 3.35 eV, and the area ratio of the two spin‑orbit components was constrained to 4:3. Peak positions were initially referenced to literature values[1-3] and then allowed to vary within ±0.3 eV to account for possible charging or chemical shifts. Quantitative analysis was based on the integrated peak areas after background subtraction, assuming identical sensitivity factors for all Pt species. The Cu 2p spectrum was fitted in a similar manner. The binding energies for Cu2+ and Cu+ were referenced to literature values[4,5], and the same fitting routine was applied to quantify their relative abundances.
The defect structures of the catalysts were characterized using a Bruker Senterra II confocal Raman spectrometer with a 532 nm laser. Spatial calibration was performed with a single-crystal silicon standard to ensure accuracy. Each spectrum was obtained by accumulating 10 scans with an integration time of 10 seconds. 
Optical properties and defect structures were further studied using an Agilent Cary 5000 UV-Vis-NIR spectrometer equipped with an integrating sphere. A polytetrafluoroethylene plate served as the baseline for 100% reflectance. Spectra were collected from 200 to 800 nm and converted into absorption coefficients using the Kubelka-Munk function. 
To evaluate the state of the active sites, CO-DRIFTS experiments were performed. The catalyst was exposed to a flow of 5% CO/Ar at room temperature. After saturation adsorption, the system was purged with Ar to remove gas-phase and weakly adsorbed CO. The evolution of the peaks associated with linearly adsorbed CO on metallic Pt sites was recorded.

[bookmark: OLE_LINK22]
Supplementary Note 3: Catalytic Activity Test
[bookmark: OLE_LINK18]Catalytic performance was assessed using a 250 mL high-pressure autoclave equipped with a polytetrafluoroethylene liner, a magnetic stirring system, and precise temperature and pressure sensors. In a standard evaluation, 10.0 mg of the Pt/CeO2 catalyst was placed in the reactor with 20.0 mL of the aqueous Cu2+ solution. After sealing the vessel, the internal atmosphere was replaced with high-purity N2 through three purge cycles. CH4, O2, and CO were then introduced to achieve a total system pressure of 3.0 MPa. The stirring speed was set to 1500 r/min to ensure efficient three-phase mixing and to eliminate external mass transfer limitations. The system was heated to the target temperature and maintained for a specific reaction time. Upon completion, the autoclave was immediately immersed in an ice-water bath to quench the reaction and prevent the further transformation of products. 
[bookmark: OLE_LINK155][bookmark: OLE_LINK57]Liquid products were quantified using proton nuclear magnetic resonance (1H NMR) spectroscopy. A 0.5 mL aliquot of the centrifuged reaction solution was mixed with 0.1 mL of D2O containing sodium trimethylsilylpropionate (TMSP) for chemical shift referencing. 1H NMR spectra were acquired on a Bruker 400 MHz spectrometer operating at a 1H resonance frequency of 400.15 MHz. Each spectrum was collected at 298 K with 16 scans and 2 dummy scans and a relaxation delay of 1.0 s. Methanol concentration was determined using an external calibration curve constructed from standard solutions of known methanol concentrations prepared under identical conditions. The absolute concentration of methanol was obtained by integrating the characteristic peak at approximately 3.36 ppm and applying the pre-established calibration curve (Fig. S1).
[bookmark: OLE_LINK159]Catalytic performance was quantified using methanol yield and methanol selectivity among the detected liquid-phase products. Methanol yield rate is defined as the amount of methanol produced per gram of catalyst per hour (mmol·gcat−1·h−1) and serves as the primary activity metric.
[bookmark: OLE_LINK161]             (S1)
In this equation (S1), nCH3OH represents the molar quantity (mmol) of methanol detected in the liquid phase after the reaction, mcatalyst denotes the mass of the catalyst used (g), and t is the reaction time (h).
Methanol selectivity among the detected liquid-phase products is defined as the percentage of carbon atoms contained in methanol relative to the total carbon atoms in all carbon-containing products detected in the liquid phase. The calculation is performed according to:
     (S2)
where nCH3OH is the molar amount of methanol, nj is the molar amount of detected liquid-phase carbon-containing product j, and cj is the number of carbon atoms in product j. Under the standard reaction conditions, methanol was the only liquid-phase carbon-containing product detected by 1H NMR. Therefore, the methanol selectivity among the detected liquid-phase products was 100% within the detection limit of the analysis. This liquid-phase selectivity definition does not include gas-phase CH4, CO, or CO2 and should not be interpreted as the overall carbon selectivity.
Gas-phase product analysis and carbon balance 
The gas-phase composition before and after the catalytic reaction was analyzed by gas chromatography equipped with a thermal conductivity detector. The amounts of individual gas-phase components were estimated from the measured total pressure, gas composition, and reactor gas-phase volume using the ideal-gas approximation:
  (S3)
where ni is the estimated amount of gas component i, yi is its mole fraction determined by GC, Ptotal is the measured total gas pressure, Vgas is the reactor gas-phase volume, R is the gas constant, and T = 298.15 K is the temperature used for the gas-amount estimate. The total pressures before and after reaction were 3.0 and 2.8 MPa, respectively.
The CH4 conversion under the standard reaction conditions was calculated from the estimated CH4 amounts before and after reaction:
  (S4)
where nCH4, initial and nCH4, final are the estimated amounts of CH4 before and after reaction, respectively.
Because CH4, CO, CO2, and CH3OH each contain one carbon atom, the overall carbon balance was calculated as:
  (S5)
[bookmark: OLE_LINK58]The overall carbon selectivity to methanol was additionally evaluated by considering the carbon contained in the detected carbon-containing products. Under the standard reaction conditions, approximately 0.14 mmol of CH3OH and 34.8 mmol of CO2 were measured after reaction. Because both CH3OH and CO2 contain one carbon atom, the overall carbon selectivity to methanol on a detected-product-carbon basis was calculated as nCH3OH/(nCH3OH + nCO2) × 100%, giving a value of approximately 0.40%. This value is distinct from the methanol selectivity among the detected liquid-phase products, which only describes the liquid-phase product distribution.
Calculation of CO conversion and carbon-utilization metrics
[bookmark: OLE_LINK122]The CO conversion was calculated from the amounts of CO before and after reaction according to:
[bookmark: OLE_LINK165]  (S6)
where  and  represent the amounts of CO before and after reaction, respectively.
The molar ratio of methanol formation to net CO consumption was calculated as:
  (S7)
For the idealized overall reaction:
  (S8)
the conventional atom economy toward methanol was calculated as:
  (S9)
where Mi denotes the molar mass of species i. This value represents a formal stoichiometric atom-economy metric based on the idealized overall reaction and should not be interpreted as the experimental material efficiency of the batch reaction.
To describe the fraction of the experimentally consumed carbon appearing in methanol, an experimental carbon-utilization efficiency η was additionally defined. Because CH4, CO, and CH3OH each contain one carbon atom, this quantity was calculated as:
[bookmark: OLE_LINK127]  (S10)
[bookmark: OLE_LINK9][bookmark: OLE_LINK59][bookmark: OLE_LINK60]Using the measured quantities in Table S1, the CO conversion is 81.2%, the CH3OH-to-consumed-CO molar ratio is 4.3 × 10−3, the formal atom economy is 42.1%, and the experimental carbon-utilization efficiency is approximately 0.38%. The initial CO inventory was further normalized to the amount of methanol produced. Approximately 39.8 mmol of CO was initially introduced and approximately 0.14 mmol of methanol was formed under the standard batch conditions, corresponding to an initial CO inventory of approximately 284 mol of CO per mol of methanol. The net CO consumption corresponds to approximately 231 mol of CO per mol of methanol. These values describe the material requirement of the present batch experiment and should not be interpreted as the CO requirement of an optimized process. The overall carbon selectivity of approximately 0.40% is calculated from the carbon contained in the detected CH3OH and CO2 products, whereas the experimental carbon-utilization efficiency of approximately 0.38% is calculated from the total consumed CH4 and CO. The small difference between these values reflects their different calculation bases.
Apparent O2 reaction-order analysis 
The dependence of methanol formation on the O2 partial pressure was analyzed using the empirical power-law expression:
  (S11)
where the apparent average methanol formation rate is calculated from the amount of methanol accumulated after 1 h, the pressure term represents the O2 partial pressure, k is an apparent proportionality constant, and n is the apparent O2 reaction order.
Taking the natural logarithm gives:
  (S12)
The corresponding interval-wise apparent slopes were calculated as:
  (S13)
[bookmark: OLE_LINK10]Ordinary least-squares fitting of lnrCH3OH against lnPO2 over the range of 0.2–0.8 MPa gives an apparent O2 reaction order of −0.84 with R2 = 0.79 (Fig. S9). The interval-wise apparent slopes are −0.11 over 0.2–0.4 MPa and −1.59 over 0.4–0.8 MPa, indicating that the entire pressure range cannot be adequately described by a single power-law regime.
Sequential experiments
[bookmark: OLE_LINK168][bookmark: OLE_LINK8]A series of sequential experiments was performed at 180°C to decouple the roles of CO, CH4, and O2 in the reaction network. An Ar purge was applied between each step to remove residual gas‑phase species. Seven protocols were compared. In Protocol 1, the catalyst was exposed to CH4 alone. In Protocol 2, the catalyst was exposed to a mixture of CH4 and O2. In Protocol 3, the catalyst was exposed to a mixture of CO and O2. In Protocol 4, the catalyst was first pretreated with a mixture of CO and O2, then purged with Ar, and subsequently reacted with CH4 alone. In Protocol 5, the catalyst was first saturated with CO, then purged with Ar, and subsequently exposed to a mixture of CH4 and O2. In Protocol 6, the catalyst was first exposed to O2, then purged with Ar, and subsequently reacted with a mixture of CH4 and CO. In Protocol 7, CH4, O2, and CO were fed simultaneously. All reactions were carried out for 1 h under a total pressure of 3.0 MPa with the respective gas compositions.
Reusability test
The reusability of the catalyst was evaluated through consecutive recycling experiments under the standard reaction conditions. After each reaction, the reactor was cooled to room temperature and depressurized. An aliquot of the reaction solution was collected for subsequent 1H NMR analysis, and the solid Pt/CeO2 catalyst was recovered by filtration. The recovered catalyst was thoroughly washed to remove residual soluble species and reaction products and was then reused in the subsequent reaction. For each recycling run, the recovered Pt/CeO2 catalyst was transferred into the reactor with a fresh aqueous Cu(NO3)2 solution, followed by the introduction of fresh CH4, O2, and CO. The reaction was then carried out using the same procedure and under the same conditions as those employed for the standard catalytic evaluation. This recovery, washing, and reuse procedure was repeated for the recycling experiments.


[bookmark: OLE_LINK1]Supplementary Note 4: Mechanistic Studies
[bookmark: OLE_LINK20][bookmark: OLE_LINK27][bookmark: OLE_LINK29][bookmark: OLE_LINK28][bookmark: OLE_LINK6]To identify the sources of oxygen and hydrogen in the synthesis of methanol and clarify the reaction pathways, three sets of isotope labeling experiments were conducted. In the first set, a mixture of 18O2 and 16O2 was used as the gas-phase oxygen source in H216O to determine the contribution of gaseous oxygen. In the second set, a mixture of H218O and H216O was used with 16O2 to investigate whether oxygen from water is directly involved in the formation of methanol. In the third set, D2O was used as the solvent to track the source of hydrogen atoms. Control experiments were performed to account for background hydrogen-deuterium exchange between CH3OH and D2O. Both liquid and gas‑phase products were analyzed using an Agilent 7890B-5977B gas chromatograph‑mass spectrometer equipped with an electron ionization source. The selected ion monitoring mode was used to track the molecular ions of methanol isotopologues including m/z = 32 for CH316OH, m/z = 34 for CH318OH, and m/z = 33 for CH3OD, as well as to monitor gas‑phase species such as C16O18O (m/z = 46), C16O2 (m/z = 44), and 16O18O (m/z = 34).
The dynamic evolution of surface species and intermediates was monitored using in situ DRIFTS on a Nicolet iS50 spectrometer equipped with an MCT detector and a Harrick high-pressure reaction cell. Catalysts were pretreated in Ar at 200°C for 1 h and then cooled to 180°C under Ar to collect background spectra. All spectra were processed using the subtraction method to highlight surface-adsorbed species. The experimental sequence included several stages. During the CH4 oxidation phase, the atmosphere was transitioned to a CH4/O2 mixture while time-resolved spectra were recorded. While the temperature was held constant, the feed was subsequently changed to a combination of CH4, O2, CO and H2O. The dynamic response of each characteristic band was monitored to track changes in the surface species under these varying conditions. 
DFT calculations
[bookmark: OLE_LINK174]All DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with the Perdew‑Burke‑Ernzerhof (PBE) functional within the generalized gradient approximation (GGA). Van der Waals interactions were accounted for by the DFT‑D3 correction scheme of Grimme. The projector augmented wave (PAW) method was employed to describe electron‑ion interactions. A plane‑wave cutoff energy of 450 eV was used throughout, and all calculations were performed without spin polarization (ISPIN = 1) due to the non‑magnetic nature of Pt. The Pt(111) surface was modeled using a 4 × 4 supercell with six atomic layers and a vacuum layer of 20 Å. The bottom three layers were fixed at their bulk positions, while the top three layers were allowed to fully relax. The Pt(111) slab was used as a simplified model of the Pt component because HRTEM confirms crystalline Pt nanoparticles with Pt lattice planes, and Pt-containing catalysts supported on CeO2, SiO2, and TiO2 all remain active under the investigated tandem-reaction conditions. Brillouin zone sampling was performed with a Γ‑centered 4 × 4 × 1 Monkhorst‑Pack k‑point mesh for structural relaxations and a 7 × 7 × 1 mesh for electronic density of states (DOS) calculations. Structural optimizations were converged with a force criterion of 0.02 eV/Å and an energy change of less than 10−5 eV. The d‑band center (εd) of the surface Pt atoms was obtained from the projected DOS by integrating the d‑orbital states over an energy range from –10 eV to +5 eV relative to the Fermi level. To illustrate the electronic interactions, differential charge density analysis was performed for CO adsorbed on Pt(111). The charge density difference was calculated as Δρ = ρ(slab+CO) – ρ(slab) – ρ(COgas), where ρ(slab+CO), ρ(slab), and ρ(COgas) are the charge densities of the full system, the clean slab, and an isolated CO molecule in a cubic box of 20 Å, respectively. To further evaluate the influence of adsorbed CO on the methoxy intermediate, comparative total-energy calculations were performed for CH3O* adsorption under otherwise matched conditions with and without pre-adsorbed CO. Because the analysis focuses on the relative effect of CO, the isolated CH3O energy cancels upon taking the difference between the paired configurations. The relative adsorption-energy change was therefore calculated as  
        (S14)
[bookmark: OLE_LINK77]Thermodynamic plausibility assessment of Cu2+/Cu+-mediated oxidation-equivalent transfer
[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK76]To assess whether Cu2+/Cu+-mediated transfer of oxidation equivalents is thermodynamically plausible, two balanced formal reactions were considered. These reactions provide an electron-equivalent bookkeeping framework and should not be interpreted as experimentally established elementary steps. Accordingly, the thermodynamic analysis is used only to assess the feasibility of oxidation-equivalent transfer through the Cu2+/Cu+ couple and does not establish reversible Cu oxidation-state cycling under the catalytic reaction conditions.
The formal reduction of Cu2+ associated with methane-to-methanol conversion is written as:
  (S15)
The formal reoxidation of Cu+ by molecular oxygen is written as:
  (S16)
Summation of Reactions (S15) and (S16) gives:
  (S17)
Reactions (S15) and (S16) describe formal transfer of oxidation equivalents through the Cu2+/Cu+ couple. Reaction (S17) is only the thermodynamic sum of these formal reactions and is not intended to represent the complete CO-assisted catalytic network.
Thermodynamic calculation procedure
The Faraday constant was taken as F = 96485 C·mol-1. The standard thermodynamic quantities were estimated using:
  (S18)
  (S19)
  (S20)
The value at the reaction temperature was estimated as:
  (S21)
The first temperature coefficients tabulated at 298.15 K were linearly extrapolated to 453.15 K and heat-capacity corrections were neglected. The resulting values should therefore be regarded as approximate thermodynamic estimates rather than precise high-temperature reaction free energies.
Approximate non-standard-state sensitivity analysis
An approximate non-standard-state correction was evaluated using:
  (S22)
The sensitivity estimate used T = 453.15 K, PCH4 = 2.2 MPa, PO2 = 0.4 MPa, an initial pH of approximately 4.4, a methanol activity approximated from 7.19 mmol·L−1, gas fugacities approximated by their partial pressures, and ionic activity coefficients approximated as unity. Because the in-situ Cu+/Cu2+ activity ratio was not measured, a representative range of 0.1−10 was examined.
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Fig. S1 Calibration curve for methanol quantification by 1H NMR spectroscopy.


[image: ]
[bookmark: OLE_LINK176]Fig. S2 Representative 1H NMR spectrum of the liquid-phase sample collected after methane oxidation over the Pt/CeO2–aqueous Cu tandem system under the optimized reaction conditions.


[image: ]
Fig. S3 Calibration curves for quantitative gas-chromatographic analysis of (a) CH4, (b) CO, and (c) CO2.
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[bookmark: OLE_LINK2]Fig. S4 (a−c) Scanning electron microscopy (SEM) images of the Pt/CeO2 catalyst at different magnifications. (d−f) Corresponding energy-dispersive X-ray spectroscopy (EDS) elemental maps of Ce (d), O (e), and Pt (f).
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[bookmark: OLE_LINK3]Fig. S5 (a, b) TEM images of the Pt/CeO2 catalyst at different magnifications.
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Fig. S6 Representative TEM images and corresponding Pt particle-size distributions of (a) Pt/CeO2, (b) Pt/SiO2, and (c) Pt/TiO2.
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[bookmark: OLE_LINK5]Fig. S7 UV-Vis diffuse reflectance spectra of CeO2 and Pt/CeO2.
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[bookmark: OLE_LINK11][bookmark: OLE_LINK23]Fig. S8 Raman spectrum of CeO2 after treatment under 10 vol.% H2/Ar at 300°C for 2 h. The spectrum of untreated CeO2 is shown in Fig. 2(f) for comparison.

[image: ]Fig. S9 Linear regression of ln[rCH3OH] against ln[PO2] for determination of the apparent O2 reaction order.
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Fig. S10 Effect of CO partial pressure on methanol yield rate over Pt/CeO2 under otherwise identical reaction conditions.
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Fig. S11 Gas chromatogram of the product obtained from methane oxidation using 18O2+16O2 as the oxidant with H216O.
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Fig. S12 Gas chromatogram of the product obtained from methane oxidation using H218O+H216O as the solvent in the presence of 16O2.
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[bookmark: OLE_LINK4]Fig. S13 Mass spectrum of CO isolated from the gas‑phase reaction products.


[bookmark: OLE_LINK51][image: ]
[bookmark: OLE_LINK36]Fig. S14 Reusability of the catalyst during five consecutive recycling runs following the initial reaction. Bars represent methanol yield rate and the line represents activity retention relative to the initial value.
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Fig. S15 XRD pattern of the spent Pt/CeO2 catalyst after reaction.


[bookmark: OLE_LINK89][bookmark: OLE_LINK46][bookmark: OLE_LINK7]Table S1 Estimated amounts of carbon-containing gas species before and after the standard catalytic reaction.
	Gas species
	Before reaction (mmol)
	After reaction (mmol)

	CH4
	205.4
	201.3

	CO
	39.8
	7.5

	CO2
	/
	34.8


Note: The total gas pressures before and after reaction were 3.0 and 2.8 MPa, respectively, and the gas-phase volume was 230 mL. The amounts of individual gas species were estimated from the GC-determined gas composition, total pressure, and gas-phase volume using the ideal-gas approximation.


Table S2 Comparison of catalytic performance for methane selective oxidation over the Pt/CeO2-aqueous Cu tandem system and other reported catalysts.
	Catalyst
	Reaction condition
	CH3OH yield
(mmol·gcat−1·h−-1)
	CH3OH selectivity for liquid products (%)
	Ref.

	Rh/SBA-15
	240 °C, 2.0 MPa CH4, 0.3 MPa O2, 
0.5 MPa CO
	4.36
	> 99
	[6]

	Au/H-MOR
	150 °C, 2.0 MPa CH4, 0.5 MPa O2, 
0.5 MPa CO
	1.3
	94
	[7]

	[bookmark: OLE_LINK34]1.0 wt% Rh/TiO2
	[bookmark: OLE_LINK33]150 °C, 2.3 MPa CH4, 0.3 MPa O2, 
0.5 MPa CO
	5.2
	[bookmark: OLE_LINK35]> 99
	[8]

	AuPd@ZSM-5-C16
	70 °C, 0.048 MPa CH4, 0.198 MPa O2, 
0.099 MPa H2
	4.58
	92
	[9]

	0.29 wt. % 
Rh-CeO2 
SAs
	[bookmark: OLE_LINK30][bookmark: OLE_LINK24]50 °C, 0.5 MPa CH4, 1.0 M H2O2
	2.73
	76.3
	[10]

	0.5 wt% Rh-Na-ZSM-5
	150 °C, 2.0 MPa CH4, 0.2 MPa O2, 
0.5 MPa CO
	0.55
	84.7
	[11]

	Cu-Fe
(2/0.1)/ZSM-5
	50 °C, 1.8 MPa CH4, 0.5 M H2O2
	7.72
	82.4
	[12]

	LaFeCu-
ZSM-5
	50 °C, 3.05 MPa CH4, 0.1 M H2O2
	6.49
	52.4
	[13]

	1.0 wt% Pt/CeO2
	180 °C, 2.2 MPa CH4, 0.4 MPa O2, 
0.4 MPa CO
	14.38
	100
	This work





[bookmark: _Toc221805443]Table S3 Textural properties of the fresh and spent catalysts derived from nitrogen physisorption analysis, including specific surface area, pore volume, and pore size.
	 Catalysts
	  SBET (m2·g−1)
	Pore volume (cm3·g−1)
	Pore size (nm)

	CeO2
	44.3
	0.13
	11.2

	Pt/CeO2
	43.3
	0.17
	12.8

	spent Pt/CeO2
	6.5
	0.03
	11.1




Table S4 Gas-phase CO2 formation under control atmospheres without externally supplied CO.
	Reaction atmosphere
	CO2 after reaction

	CH4
	/

	CH4 + O2
	~0.5 mol%




Table S5 Summary of the DFT-calculated CO-induced changes in the electronic and adsorption properties of the Pt surface models.
	Calculated descriptor
	CO-induced change (eV)

	Pt d-band center, εd
	−0.73

	CH3O* relative adsorption energy, ΔΔEads
	+0.27




[bookmark: _GoBack]Table S6 Standard electrochemical data used in the formal thermodynamic analysis [14].
	Standard reduction half-reaction
	Eo298.15 (V)
	dEo/dT (mV K−1)

	Cu2+ (aq) + e− → Cu+ (aq)
	0.161
	+0.776

	CH3OH (aq) + 2H+ (aq) + 2e− → CH4(g) + H2O (l)
	0.583
	−0.039

	1/2O2(g) + 2H+ (aq) + 2e− → H2O (l)
	1.2291
	−0.8456





Table S7 Estimated thermodynamic quantities for the formal Cu2+/Cu+ redox reactions.
	Reaction
	 
(kJ·mol−1)
	 
(kJ·mol−1)
	 
(J·mol−1·K−1)
	 
(kJ·mol−1)

	Reaction (S15)
	+81.43
	+128.32
	+157.27
	+57.06

	Reaction (S16)
	−206.11
	−299.41
	−312.92
	−157.61

	Overall Reaction (S17)
	−124.68
	−171.08
	−155.65
	−100.55




Table S8 Sensitivity of the estimated Gibbs free energies to the Cu+/Cu2+ activity ratio at 453.15 K.
	a(Cu+)/a(Cu2+)
	[bookmark: OLE_LINK69]ΔG(S15) (kJ·mol−1)
	ΔG(S16) (kJ·mol−1)
	ΔG(S15+S16) (kJ·mol−1)

	0.1
	−66.9
	−66.5
	−133.4

	1
	−49.5
	−83.9
	−133.4

	10
	−32.2
	−101.2
	−133.4
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